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Widmung. 


Die neuen Theorien, die in diesem Werke dargestellt sind, habe 
ich in den Jahren von 1869 bis 1884 entwickelt, wo mir die Liber- 
alitat meines 


Geburtslandes Norwegen 


gestattete, ungestért meine volle Arbeitskraft der Wissen- 
schaft zu widmen, die durch ABELS Werke in Norwegens wis- 
senschaftlicher Literatur den ersten Platz erhalten hat. 

Bei der DurchfUhrung meiner Ideen im Einzelnen und bei ihrer 
systematischen Darstellung genoss ich seit 1884 in der Grdssten 
Ausdehnung die unermudliche Unterstutzung des PROFESSORS 


Friedrich Engel 


meines ausgezeichneten Kollegen and der Universitat Leipzig. 
Das in dieser Weise entstandene Werk widme ich Frankreichs 


Ecole Normale Supérieure 


deren unsterblicher Schtler GALOIS zuerst die Bedeutung des 
Begriffs discontinuirliche Gruppe erkannte. Den hervorragenden 
Lehrern dieses Instituts, besonders den Herren G. DARBOUX, E. 
PICARD und J. TANNERY verdanke ich es, dass die tuchtigsten 
jungen Mathematiker Frankreichs wetteifernd mit einer Reihe 
junger deutscher Mathematiker meine Untersuchungen Uber 
continuirliche Gruppen, Uber Geometrie und Uber Differentialgle- 
ichungen studiren und mit glanzendem Erfolge verwerthen. 


Sophus Lie. 


Preface 


This modernized English translation grew out of my old simultaneous interest in the 
mathematics themselves and in the metaphysical thoughts governing their continued 
development. I owe to the books of Robert Hermann, of Peter Olver, of Thomas 
Hawkins, and of Olle Stormark to have been introduced in Lie’s original vast field. 

Up to the end of the 18" Century, the universal language of Science was Latin, 
until its centre of gravity shifted to German during the 19" Century while nowa- 
days — and needless to say — English is widespread. Being intuitively convinced 
that Lie’s original works contain much more than what is modernized up to now, I 
started three years ago to learn German from scratch just in order to read Lie, and 
with two main goals in mind: 


L] complete and modernize the Lie-Amaldi classification of finite-dimensional 
local Lie group holomorphic actions on spaces of complex dimensions 1, 2 and 3 
for various applications in complex and Cauchy-Riemann geometry; 


better understand the roots of Elie Cartan’s achievements. 


Then it gradually appeared to me that the mathematical thought of Lie is universal 
and transhistorical, hence deserves per se to be translated. The present adapted En- 
glish translation follows a first monograph written in French and specially devoted 
to the treatment by Engel and Lie of the so-called Riemann-Helmholtz problem in 
the Volume III of the Theorie der Transformationsgruppen, to appear in 2010 apud 
Hermann, Paris, cf. also the e-print: arxiv.org/abs/0910.0801/. 

A few observations are in order concerning the chosen format. For several rea- 
sons, it was essentially impossible to translate directly the first few chapters in which 
Lie’s intention was to set up the beginnings of the theory in the highest possible gen- 
erality, especially in order to come up with the elimination of the axiom of inverse, 
an aspect never dealt with in modern treatises. As a result, I decided in the first four 
chapters to reorganize the material and to reprove the concerned statements, with- 
out nevertheless removing anything from the mathematical contents embraced. But 
starting with Chap.|5} the exposition of Engel and Lie is so smooth, so rigorous, so 
understandable, so systematic, so astonishingly well organized —in one word: so 
beautiful for thought — that a pure translation is essential. 


Vili Preface 


Lastly, the author is grateful to Gautam Bharali, to Philip Boalch, to Egmont 
Porten for a few fine suggestions concerning the language, but is of course the sole 
responsible for the lack of idiomatic English. 


Paris, Ecole Normale Supérieure, Joél Merker 
16 March 2010 
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Chapter 1 


Three Principles of Thought 
Governing the Theory of Lie 


Let x = (x1,...,%,) be coordinates on an n-dimensional real or complex euclidean 
space C” or R”, considered as a source domain. The archetypal objects of Lie’s 
Theory of Continuous Transformation Groups are point transformation equations: 


x, =F Meck lose (i=1--n), 


parameterized by a finite number r of real or complex parameters (q1,...,d,), 
namely each map x = f(x; a) =: fa(x) is assumed to constitute a diffeomorphism 
from some domairl] in the source space into some domain in a target space of 


the same dimension equipped with coordinates (x/,...,.xj,). Thus, the functional 
determinant: 
oh eee oft 
i i“ ) ) ) 
Ofn Ofn ocPerm, Xo(1) 9Xo(2) Xo(n) 
pee 


vanishes at no point of the source domain. 


§ 15. ([1], pp. 25-26) 

[The concepts of transformation x’ = f(x) and of transformation equations 
x’ = f(x; a) are of purely analytic nature.] However, these concepts can receive 
a graphic interpretation [ANSCHAULICH AUFFASUNG], when the concept of an n- 
times extended space [RAuM] 1s introduced. 

If we interpret x;,...,x, as the coordinates for points [PUNKTCOORDINATEN] Of 
such a space, then a transformation x} = fj(x1,...,Xn) appears as a point transfor- 
mation [PUNKTTRANSFORMATION]; consequently, this transformation can be inter- 
preted as an operation which consists in that, every point x; is transferred at the 
same time in the new position x;. One expresses this as follows: the transforma- 


' By domain, it will always been meant a connected, nonempty open set. 
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tion in question is an operation through which the points of the space x1,...,%n 
are permuted with each other. 


Before introducing the continuous group axioms in Chap. 3]below, the very first 
question to be settled is: how many different transformations x, = f;(x; a) do cor- 
respond to the oo” different systems of values (a,,...,a,)? Some parameters might 
indeed be superfluous, hence they should be removed from the beginning, as will be 
achieved in Chap. |2} For this purpose, it is crucial to formulate explicitly and once 
for all three principles of thought concerning the admission of hypotheses that do 
hold throughout the theory of continuous groups developed by Lie. 


General Assumption of Analyticity 


Curves, surfaces, manifolds, groups, subgroups, coefficients of infinitesimal trans- 
formations, etc., all mathematical objects of the theory will be assumed to be ana- 
lytic, 1.e. their representing functions will be assumed to be locally expandable in 
convergent, univalent power series defined in a certain domain of an appropriate 
ae 


Principle of Free Generic Relocalization 


Consider a local mathematical object which is represented by functions that are ana- 
lytic in some domain U1, and suppose that a certain “generic” nice behaviour holds 
on U;\D, outside a certain proper closed analytic subset Dy C U;; for instance: 
the invertibility of a square matrix composed of analytic functions holds outside the 
zero-locus of its determinant. Then relocalize the considerations in some subdomain 
Uz CU 1 D4. 


Fig. 1: Relocalizing finitely many times in neighborhoods of generic points 


Afterwards, in U2, further reasonings may demand to avoid another proper closed 
analytic subset D2, hence to relocalize the considerations into some subdomain U3 C 
U2\D2, and so on. Most proofs of the Theorie der Transformationsgruppen, and 
especially the classification theorems, do allow a great number of times such relo- 
calizations, often without any mention, such an act of thought being considered as 
implicitly clear, and free relocalization being justified by the necessity of studying 
at first generic objects. 
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Giving no Name to Domains or Neighbourhoods 


Without providing systematic notation, Lie and Engel commonly wrote the neigh- 
bourhood [der UMGEBUNG] (of a point), similarly as one speaks of the neighbour- 
hood of a house, or of the surroundings of a town, whereas contemporary topology 
conceptualizes a (say, sufficiently small) given neighbourhood amongst an infinity. 
Contrary to what the formalistic, twentieth-century mythology tells sometimes, Lie 
and Engel did emphasize the local nature of the concept of transformation group in 
terms of narrowing down neighbourhoods; we shall illustrate this especially when 
presenting Lie’s attempt to economize the axiom of inverse. Certainly, it is true that 
most of Lie’s results are stated without specifying domains of existence, but in fact 
also, it is moreover quite plausible that Lie soon realized that giving no name to 
neighbourhoods, and avoiding superfluous denotation is efficient and expeditious in 
order to perform far-reaching classification theorems. 


Therefore, adopting the economical style of thought in Engel-Lie’s treatise, our 
“modernization-translation” of the theory will, without nevertheless providing fre- 
quent reminders, presuppose that: 


e mathematical objects are analytic; 
e relocalization is freely allowed; 
e open sets are often small, usually unnamed, and always connected. 


Introduction ((1], pp. 1-8) 


If the variables x/,,...,x), are determined as functions of x,...,x, by n equa- 
tions solvable with respect to x1,...,Xn: 
/ 5 
= ee (i=1---n), 


then one says that these equations represent a transformation [TRANSFORMATION] 
between the variables x and x’. In the sequel, we will have to deal with such 
transformations; unless the contrary is expressly mentioned, we will restrict our- 
selves to the case where the f; are analytic [ANALYTISCH] functions of their argu- 
ments. But because a not negligible portion of our results is independent of this 
assumption, we will occasionally indicate how various developments take shape 
by taking into considerations functions of this sort. 

When the functions f;(1,...,%n) are analytic and are defined inside a common region [BERE- 
ICH], then according to the known studies of CAUCHY, WEIERSTRASS, BRIOT and BOUQUET, 
one can always delimit, in the manifold of all real and complex systems of values x1,...,Xp, a 
region (x) such that all functions f; are univalent in the complete extension [AUSDEHNUNG] of 


this region, and so that as well, in the neighbourhood [UMGEBUNG] of every system of values 


a x° belonging to the region (x), the functions behave regularly [REGULAR VERHALTEN], 


OORT 
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that is to say, they can be expanded in ordinary power series with respect to x; — x saunoga —x? 
with only entire positive powers. 

For the solvability of the equations x; = f;(x), a unique condition is necessary and sufficient, 
namely the condition that the functional determinant: 


y dt Of Ofn 


a ae 


should not vanish identically. If this condition is satisfied, then the region (x) defined above 
can specially be defined so that the functional determinant does not take the value zero for any 
system of values in the (x). Under this assumption, if one lets the x take gradually all systems 
of values in the region (x), then the equations x; = fj(x) determine, in the domain [GEBIETE] 
of the x’, a region of such a nature that x),...,x,, in the neighbourhood of every system of 
values ee ...,x,° in this new region behave regularly as functions of X1,.+-,%,, and hence can 
be expanded as ordinary power series of x/, — os, pee x) It is well known that from this, it 
does not follow that the x; are univalent functions of x/,,...,x/, in the complete extension of the 
new region; but when necessary, it is possible to narrow down the region (x) defined above so 
that two different systems of values x1,...,x, of the region (x) always produce two, also different 
systems of values; —=il%), ..., %, — jn): 

Thus, the equations x; = f;(x) establish a univalent invertible relationship [BEZIEHUNG] be- 
tween regions in the domain of the x and regions in the domain of the x’; to every system of 
values in one region, they associate one and only one system of values in the other region, and 
conversely. 


If the equations x; = f;(x) are solved with respect to the x, then in turn, the 
resulting equations: 


/ / 
No — ee eae (k=1---n) 


again represent a transformation. The relationship between this transformation 
and the initial one is evidently a reciprocal relationship; accordingly, one says: 
the two transformations are inverse one to another. From this definition, it visibly 
follows: 


If one executes at first the transformation: 


= are) (i=1-+-n) 


and afterwards the transformation inverse to it: 


xX; =X (i=1---n). 


Here lies the real definition of the concept [BEGRIFF] of two transformations 
inverse inverse to each other. 
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In general, if one executes two arbitrary transformations: 


i — Crecente (i=1---n) 


one after the other, then one obtains a new transformation, namely the following 
one: 


Oc 8, (aoe) Galen): 


In general, this new transformation naturally changes when one changes the or- 
der [REIHENFOLGE] of the two transformations; however, it can also happen that 
the order of the two transformations is indifferent. This case occurs when one 
has identically: 


PAGE eeeunies) = (ei) teen) (i=1---n)3 


we then say, as in the process of the Theory of Substitutions [VoRGANG DER 
SUBSTITUTIONENTHEORIE]: the two transformations: 


pneu) Gain 


and: 
/ 6 
eG Osigenennael (i=1---n) 
are interchangeable [VERTAUSCHBAR] one with the other. — 


A finite or infinite family [SCHAAR] of transformations between the x and the 
x’ is called a group of transformations or a transformation group when any two 
transformations of the family executed one after the other give a transformation 
which again belongs to the family.' 


A transformation group is called discontinuous when it consists of a discrete 
number of transformations, and this number can be finite or infinite. Two trans- 
formations of such a group are finitely different from each other. The discontinu- 
ous groups belong to the domain of the Theory of Substitutions, so in the sequel, 
they will remain out of consideration. 

The discontinuous groups stand in opposition to the continuous transforma- 
tion groups, which always contain infinitely many transformations. A transfor- 
mation group is called continuous when it is possible, for every transformation 
belonging to the group, to indicate certain other transformations which are only 
infinitely little different from the transformation in question, and when by con- 
trast, it is not possible to reduce the complete totality [INBEGRIFF] of transforma- 
tions contained in the group to a single discrete family. 

Now, amongst the continuous transformation groups, we consider again two 
separate categories [KATEGORIEN] which, in the nomenclature [BENENNUNG], are 


+ Sophus LIE, Gesellschaft der Wissenschaften zu Christiania 1871, p. 243. KLEIN, Vergleichende Betrachtungen 
iiber neuere geometrische Forschungen, Erlangen 1872. LIE, Gottinger Nachrichten 1873, 3. Decemb. 
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distinguished as finite continuous groups and as infinite continuous groups. To 
begin with, we can only give provisional definitions of the two categories, and 
these definitions will be apprehended precisely later. 


A finite continuous transformation group will be represented by one system 
of n equations: 


/ ‘ 
he Ras are eee igen o) (i=1--n), 

where the f; denote analytic functions of the variables x;,...,x, and of the arbi- 
trary parameters a1,...,a,;. Since we have to deal with a group, two transforma- 
tions: , 

HC are Ey ae 

I / / 
Brae Gon ennee, Cuee Niner (Oy 


when executed one after the other, must produce a transformation which belongs 
to the group, hence which has the form: 


x! = URE On eet lee) Coie | =f Cie ele ene 


Here, the c; are naturally independent of the x and so, are functions of only the 
a and the b. 


Example. A known group of this sort is the following: 
1 xX+ a4 
x = ——., 
agx+a3 


which contains the three parameters a1, a2, a3. If one executes the two transfor- 


mations: ; 
,  X+ay e x +b, 


x = ———. ——— 
anx+a3" box' + b3 
one after the other, then one receives: 


ae 
CoxX+03’ 


where c1, C2, c3 are defined as functions of the a and the b by the relations: 


P _ aytbya3 , _ by +anb3 Z _ boa, +b3a3 
a Ea) a 1+b,a’ 3 1+), a 


The following group with the n* parameters ajx is not less known: 
n 
iy = yy QipXk (i=1--n). 
k=1 


If one sets here: 
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n 
/ ‘ 
Xy =) ree (i=1---n), 
i=l 
then it comes: 
len n 
i 
= ey ate = ey a 
i,k k=1 


where the cy, are determined by the equations: 


n 
Cyk = byi aix (v,k=1--n). — 
ell 

In order to arrive at a usable definition of a finite continuous group, we want at 
first to somehow reshape the definition of finite continuous groups. On the occa- 
sion, we use a proposition from the theory of differential equations about which, 
besides, we will come back later in a more comprehensive way (cf. Chap. [10). 

Let the equations: 


Sif (Bale Sore ne Memrore) (i=1--n) 


represent an arbitrary continuous group. According to the proposition in ques- 
tion, it is then possible to define the functions f; through a system of differential 
equations, insofar as they depend upon the x. To this end, one only has to differ- 
entiate the equations x, = f;(x,a) with respect to x1,...,X, sufficiently often and 
then to set up all equations that may be obtained by elimination of a),...,a,. 
If one is gone sufficiently far by differentiation, then by elimination of the a, 
one obtains a system of differential equations for x},...,x),, whose most general 
system of solutions is represented by the initial equations x; = f;(x,a) with the r 
arbitrary parameters. Now, since by assumption the equations x; = f(x, a) define 
a group, it follows that the concerned system of differential equations possesses 
the following remarkable property: if x; = fi(x1,..-,%n, b1,...,b,) is a system of 
solutions of it, and if x; = f;(x,a) is a second system of solutions, then: 


xj = fi fi) ees nlc, a) Dina, De) (i=1---n) 


is also a system of solutions. 

From this, we see that the equations of an arbitrary finite continuous transfor- 
mation group can be defined by a system of differential equations which pos- 
sesses certain specific properties. Firstly, from two systems of solutions of the 
concerned differential equations one can always derive, in the way indicated 
above, a third system of solutions: it is precisely in this that we have to deal 
with a group. Secondly, the most general system of solutions of the concerned 
differential equations depends only upon a finite number of arbitrary constants: 
this circumstance expresses that our group is finite. 
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Now, we assume that there is a family of transformations x; = fj(2x1,...,Xn) 
which is is defined by a system of differential equations of the form: 


ox! 02x! 
Wi(x.-0 yal zal ..)=0 (Al gook 


Xn Ox J Oo g Oe 


Moreover, we assume that this system of differential equations possesses the first 
one of the two mentioned properties, but not the second one; therefore, with x = 
Hea) ony enn ACs ye om) UNE ES oe iE) ase sin oy) eS 
a system of solutions of these differential equations, and the most general system 
of solutions of them does not only depend upon a finite number of arbitrary 
constants, but also upon higher sorts of elements, as for example, upon arbitrary 
functions. Then the totality of all transformations which satisfy the concerned 
differential equations evidently forms again a group, and in general, a continuous 
group, though no more a finite one, but one which we call infinite continuous. 


Straightaway, we give a few simple examples of infinite continuous transfor- 
mation groups. 


When the differential equations which define the concerned infinite group re- 
duce to the identity equation 0 = 0, then the transformations of the group read: 


el (cera) (i=1---n) 


where the IT; denote arbitrary analytic functions of their arguments. 
Also the equations: 


ane 
—\() it¢k:i,k=1-on 
a (i#k; i,k=1--n) 


define an infinite group, namely the following one: 


x, — hg) (i=1---n), 
where again the IJ; are absolutely arbitrary. 


Besides, it is to be observed that the concept of an infinite continuous group can yet be un- 
derstood more generally than what takes place here. Actually, one could call infinite continuous 
any continuous group which is not finite. However, this definition does not coincide with the one 
given above. 


For instance, the equations: 
x=F(x), y' =F(y) 


in which F, for the two cases, denotes the same function of its arguments, represent a group. 
This group is continuous, since all its transformations are represented by a single system of 
equations; in addition, it is obviously not finite. Consequently, it would be an infinite continuous 
group if we would interpret this concept in the more general sense indicated above. But on the 
other hand, it is not possible to define the family of the transformations: 
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by differential equations that are free of arbitrary elements. Consequently, the definition stated 
first for an infinite continuous group does not fit to this case. Nevertheless, we find suitable to 
consider only the infinite continuous groups which can be defined by differential equations and 
hence, we always set as fundamental our first, tight definition. 


We do not want to omit emphasizing that the concept of “transformation 
group” is still not at all exhausted by the difference between discontinuous and 
continuous groups. Rather, there are transformation groups which are subordi- 
nate to none of these two classes but which have something in common with 
each one of the two classes. In the sequel, we must at least occasionally also 
treat this sort of groups. Provisionally, two examples will suffice. 

The totality of all coordinate transformations of a plane by which one transfers 
an ordinary right-angled system of coordinates to another one forms a group 
which is neither continuous, nor discontinuous. Indeed, the group in question 
contains two separate categories of transformations between which a continuous 
transition is not possible: firstly, the transformations by which the old and the 
new systems of coordinates are congruent, and secondly, the transformations by 
which these two systems are not congruent. 

The first ones have the form: 


x —-a=xcosa—ysina, y —b=xsina+ycosa, 
while the analytic expression of the second ones reads: 
x —a=xcosa+ysina, y —b=xsina—ycosa. 


Each one of these systems of equations represents a continuous family of trans- 
formations, hence the group is not discontinuous; but it is also not continuous, 
because both systems of equations taken together provide all transformations 
of the group; thus, the transformations of the group decompose in two discrete 
families. If one imagines the plane x,y in ordinary space and if one adds z as 
a third right-angled coordinate, then one can imagine the totality of coordinate 
transformations of the plane z = 0 is a totality of certain movements [BEWEGUN- 
GEN] Of the space, namely the movements during which the plane z = 0 keeps 
its position. Correspondingly, these movements separate in two classes, namely 
in the class which only shifts the plane in itself and in the class which turns the 
plane. 

As a second example of such a group, one can yet mention the totality of all 
projective and dualistic transformations of the plane. 


According to these general remarks about the concept of transformation 
group, we actually turn ourselves to the consideration of the finite continu- 
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ous transformation groups which constitute the object of the studies follow- 
ing. These studies are divided in three volumes [ABscHNiTTE]. The first vol- 
ume treats finite continuous groups in general. The second volume treats the fi- 
nite continuous groups whose transformations are so-called contact transforma- 
tions [BEUHRUNGSTRANSFORMATIONEN]. Lastly, in the third volume, certain gen- 
eral problems of group theory will be carried out in great details for a small 
number of variables. 
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Chapter 2 
Local Transformation Equations 
and Essential Parameters 


Abstract Let K = R or C, throughout. As said in Chap.[I] transformation equations 
x, = fi(x;a1,...,a-), i= 1,...,n, which are local, analytic diffeomorphisms of K” 
parametrized by a finite number r of real or complex numbers a1, ...,a,, constitute 
the archetypal objects of Lie’s theory. The preliminary question is to decide whether 
the f; really depend upon al/ parameters, and also, to get rid of superfluous param- 
eters, if there are any. 

Locally in a neighborhood of a fixed xo, one expands f;(x; a) =Yqenn Ve (a) (x- 
xo)% in power series and one looks at the infinite coefficient mapping U. : at— 


(%(a)) a from K" to K®, expected to tell faithfully the dependence with re- 
spect to a in question. If p. denotes the maximal, generic and locally constant 
rank of this map, with of course 0 < p. <r, then the answer says that locally 
in a neighborhood of a generic ao, there exist both a local change of parameters 
at+ (ui(a),...,Up,(a)) =: u decreasing the number of parameters from r down to 


Po, and new transformation equations: 


BAPE joel | (i=1-+-n) 
depending only upon p.. parameters which give again the old ones: 
gi(x; u(a)) = fi(x; a) (i=1+--n). 


At the end of this brief chapter, before introducing precisely the local Lie group 
axioms, we present an example due to Engel which shows that the axiom of inverse 
cannot be deduced from the axiom of composition, contrary to one of Lie’s Idées 


fixes. 


2.1 Generic Rank of the Infinite Coefficient Mapping 


Thus, we consider local transformation equations: 


EF iia RG) (i=1--n). 
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We want to illustrate how the principle of free generic relocalization exposed just 
above on p.[2|helps to get rid of superfluous parameters a,. We assume that the fj 
are defined and analytic for x belonging to a certain (unnamed, connected) domain 
of KX” and for a belonging as well to some domain of K’. 

Expanding the f; of x; = f;(x;a) in power series with respect to x — x9 in some 
neighborhood of a point xo: 


filsa) = YY %q(a) (x x0)”, 


aeN” 


we get an infinite number of analytic functions %! = Yi (a) of the parameters that 
are defined in some uniform domain of K’. Intuitively, this infinite collection of 
coefficient functions %! (a) should show how f(x;a) does depend on a. 

To make this claim precise, we thus consider the map: 


1<i<n 
acN” 


co 


o 


Uo: K' 3S aro (%(a)) 


For the convenience of applying standard differential calculus in finite dimension, 
we simultaneously consider also all its k-th truncations: 


: ; j (n+k)! 
Us: K" > ar+ (Wala) gic, CK, 


te. we Z 
where (ett) - is the number of multiindices @ € N” whose length || := 1 +---+Qy, 


satisfies the upper bound |a@| < kK. We call Ux, U.. the (in)finite coefficient map- 
ping(s) of x, = fj (x; a). 
The Jacobian matrix of Ux is the r x (n 


(n+k)! 
n! k! 


) matrix: 


v] 


ayi |a|<K,1<i<n 
(St) 
J l<j<r 


its r rows being indexed by the partial derivatives. The generic rank of Ux is the 
largest integer 0, <r such that there is a Px X Px minor of JacUx, which does 
not vanish identically, but all (0x +1) x (Px«+1) minors do vanish identically. The 
uniqueness principle for analytic functions then insures that the common zero-set of 
all Px X Px Minors is a proper closed analytic subset Dy (of the unnamed domain 
where the % are defined), so it is stratified by a finite number of submanifolds 
of codimension > 1 ({[8} [5]}), and in particular, it is of empty interior, hence 
intuitively “thin”. 

So the set of parameters a at which there is a least one Px X Px minor of JacUx 
which does not vanish is open and dense. Consequently, “for a generic point a’, the 
map Ux is of rank > Px at every point a’ sufficiently close to a (since the corre- 
sponding Px X Px minor does not vanish in a neighborhood of a), and because all 
(Px +1) x (Px +1) minors of JacU, were assumed to vanish identically, the map 
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U, happens to be in fact of constant rank Ux in a (small) neighborhood of every 
such a generic a. 


Insuring constancy of a rank is one important instance of why free relocalization 
is useful: a majority of theorems of the differential calculus and of the classical 
theory of (partial) differential equations do hold under specific local constancy as- 
sumptions. 


As K increases, the number of columns of JacU, increases, hence Px, < Px, 
for Ki < ky. Since Pe <r is anyway bounded, the generic rank of Ux becomes 
constant for all kK > ko bigger than some large enough ko. Thus, let p. < r denote 
this maximal possible generic rank. 


Definition 2.1. The parameters (a),...,a,) of given point transformation equations 
xi = fi(x;a) are called essential if, after expanding f;(x;a) = Ygenn Uj (a) (x—x0)% 
in power series at some xo, the generic rank p. of the coefficient mapping a +> 


I<i<n. : 
(%(a)) . a is maximal, equal to the number r of parameters: p.. = r. 


Without entering technical details, we make a remark. It is a consequence of the 
principle of analytic continuation and of some reasonings with power series mat the 
<icn 
; aeN” 
for the expansion of fj(x;a) = Leenn Ug (a) (x —x6)% at another, arbitrary point 
xp: Also, one can prove that p.. is independent of the choice of coordinates x; and 
of parameters a;,. These two facts will not be needed, and the interested reader is 
referred to [9] for proofs of quite similar statements holding true in the context of 
Cauchy-Riemann geometry. 


same maximal rank p.. is enjoyed by the coefficient mapping a+ (W",(a)) 


2.2 Quantitative Criterion 
for the Number of Superfluous Parameters 


It is rather not practical to compute the generic rank of the infinite Jacobian matrix 
Jac U... To check essentiality of parameters in concrete situations, a helpful criterion 
due to Lie is (iii) below. 


Theorem 2.1. The following three conditions are equivalent: 


(i) In the transformation equations 


A ct Gigs ty) = yy Ua) (x — x0)” (i=1--n), 
aeN" 
the parameters a,,...,@; are not essential. 


(ii) (By definition) The generic rank Pp of the infinite Jacobian matrix: 


OU) aeN", 1<i<n 
4) 


JacU.(a)= ( Aa, 
j 


I<j<r 
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is strictly less than r. 


(iii) Locally in a neighborhood of every (xo,a0), there exists a not identically zero 
analytic vector field on the parameter space: 


k=1 k 
which annihilates all the f;(x;a): 
n Of; r oy: 
0=7f=) X= Ty (a) ~— (a) (x — x9) (i=1---n). 
Py dag Dy Py dak 
More generally, if P.. denotes the generic rank of the infinite coefficient mapping: 

i l<i<n 
es a t+—- (TG) ; 


then locally in a neighborhood of every (xo9,a0), there exist exactly r — Poo, and no 
more, analytic vector fields: 


a 7] 
T= T, =~—— =1+-1r—Ppoo), 
Lu d uk (a) oa: (u Peo) 


with the property that the dimension of Span( Fj ox vexe Fraps |.) is equal to r — Poo 
at every parameter a at which the rank of U.. is maximal equal to Pp, such that the 
derivations ZY, all annihilate the fi(x;a): 


r ra ; 
0=Ahf= y? Tuk (a) SF xa) (i=1---n; W=1--r—pw)- 
k=1 Of 


Proof. Just by the chosen definition, we have (i) <=> (ii). Next, suppose that condi- 
tion (iii) holds, in which the coefficients t;(a) of the concerned nonzero derivation 
Tf are locally defined. Reminding that the Jacobian matrix Jac U.. has r rows and an 
infinite number of columns, we then see that the n annihilation equations 0 = 7 fj, 
when rewritten in matrix form as: 


oy: aeN", 1<i<n 
0= (n(a),...,7a)) (S*(@) 
J 


I<j<r 


just say that the transpose of JacU..(a) has nonzero kernel at each a where the 
vector 7 F = (t\(a),...,7,(a)) is nonzero. Consequently, Jac U.. has rank strictly 
less than r locally in a neighborhood of every ao, hence in the whole a-domain. So 
(iii) => (ii). 

Conversely, assume that the generic rank p.. of JacU.. is < r. Then there exist 


(1) i 
Dee 


6c s 99 = : i 
Poo <r “basic” coefficient functions ZW, (1) . 


a (there can be several choices) 
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such that the generic rank of the extracted map a +> Can 
ready. We abbreviate: 


ii Seo equals Px. al- 


uj(a):= Wi (a) (=1 pa. 


a(/) 
The goal is to find vectorial local analytic solutions (t;(a),...,-(a)) to the infinite 
number of linear equations: 
OU OU 
0= 7(a) al4) (a) +-+-+7,(a) “al (a) (i=1--n; WEN"). 


Oa 


To begin with, we look for solutions of the finite, extracted linear system of p.. 
equations with the r unknowns t;(a): 


05 a1(a) Soa) +b Apa(a) Sela) ++ Ha) SH 
du du du 
62 Po» 7 Poo . Po» 
11(a) FE (a)+ + tela) Sa) + 4 (a) F(a 
After possibly renumbering the variables (a),...,a,;), we can assume that the left 


Poo X Poo minor of this system: 


uy nen 
a 
Ctx 


does not vanish identically. However, it can vanish at some points, and while en- 
deavoring to solve the above linear system by an application of the classical rule 
of Cramer, the necessary division by the determinant A (a) introduces poles that are 
undesirable, for we want the t%;(a) to be analytic. So, for any W with 1 <u <r— po, 
we look for a solution (rewritten as a derivation) under the specific form: 


2] 7] 
+ Tk(@) =— (w= 1+-17—Peo) 
Odp.+ 1 oy ae Oa, 


A(a) := det ( 


1<m< Poo 


Jy = —A(a) 


in which we introduce in advance a factor A(a) designed to compensate the un- 
avoidable division by A(a). Indeed, such a .%, will annihilate the u: 


0= Au =---= Arup, 


if and only its coefficients are solutions of the linear system: 
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Ouy = Ouy Ou, 
A(a Dai it (a) = 1 (a) Crees + Tup.. (a) 5 = (a) 
OUp.. _ OUp.. OUp.. 
A (a) soP— (a) = Byala) GER) +--+ Fup) SEC) 


Tuk(a) = A(a) i seen ed oe ee wee (k=1--r), 
Upc. 


where, as predicted, the overall factor A(a) of the k-th column compensates the 
division by the determinant A(a) of this system, so that the % all have analytic 
coefficients indeed. 

Clearly, .%,...,-%—p,, are linearly independent at all (generic) points a where 
A(a) # 0. It remains to show that the .7, also annihilate all other coefficient func- 
tions YZ. 

Thus, let (i,a@) A (i(1), @(1)),..., (i(Poo), &(P..)). By the very definition of P.., 
the generic rank of any r x (1+ p..) extracted subJacobian matrix: 


Ou; P) OUp. 
wat (a) Sat(a) --- SP=(a) 


Ta (a) Su1(q) --- S2*(a) 


must always be equal to p.., the generic rank of its last p.. columns. Consequently, 
in a neighborhood of every point a at which its top right p.. * P2 minor A(a) does 
not vanish, the first column is a certain linear combination: 


——(a) (i=1--n; GEN"; k= 1-7) 
of the last p.. columns in question, where, again thanks to an appropriate applica- 
tion of Cramer’s rule, the coefficients A;(a) are analytic in the concerned generic 


neighborhood, for their denominator A(a) is 4 0 there. It then follows immediately 
by appropriate scalar multiplication and summation that: 


) Sag é 
3 Tux(a a) ) Tux (a 


=A,(a Cae ) Tu up. 
~( (i=1--n; BEN"). 


(a 7 JUp., 
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But since these analytic equations hold on the dense open set where A(a) 4 0, we 
deduce by continuity that the equations: 


0= FU =: = F-p..UG (i=1--n; EN") 


do hold everywhere, as desired. In conclusion, we have shown the implication (ii) 
=> (ili), and simultaneously, we have established the last part of the theorem. 


Corollary 2.1. Locally in a neighborhood of every generic point ag at which 
the infinite coefficient mapping a ++ U.(a) has maximal, locally constant rank 
equal to its generic rank Po, there exist both a local change of parameters 
ary (uy (a), ces Up..(a)) =: u decreasing the number of parameters from r down to 
Poo, and new transformation equations: 


/ . ; 
x= B(x Wipseasllps) (i=1---n) 


depending only upon Pp. parameters which give again the old ones: 
gi(x; u(a)) = fi(x; a) (i=1---n). 


Proof. Choose P.. coefficients Un) (4) = ula), 1 <1 = p., with Alfa) i= 


det & a a. # 0 as in the proof of the theorem. Locally in some small 


neighborhood of any a° with A(ag) 4 0, the infinite coefficient map U. has 
constant rank p.., hence the constant rank theorem provides, for every (i,a@), a 
certain function Vj of p.. variables such that: 


Ua =; (uj(a),...,Up,,(a)). 
Thus, we can work out the power series expansion: 
Filx34) = Doerr Uq(a) (x —20)* 


= Laenn Yq (ui (a),---,Up..(a)) (x - x0)” 
= g;(x, u1(a@),...,Up,(a)). 


which yields the natural candidate for g;(x; u). Lastly, one may verify that any 
Cauchy estimate for the growth decrease of Y%J(a) as |@| + oo insures a similar 
Cauchy estimate for the growth decrease of b+ %i(u), whence each g; is analytic, 
and in fact, termwise substitution was legitimate. 


2.3 Axiom of Inverse and Engel’s Counter-Example 


Every analytic diffeomorphism of an n-times extended space permutes all the points 
in a certain differentiable, invertible way. Although they act on a set of infinite car- 
dinality, diffeomorphisms can thus be thought to be sorts of analogs of the substi- 
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tutions on a finite set. In fact, in the years 1873-80, Lie’s Idée fixe was to build, in 
the geometric realm of n-dimensional continua, a counterpart of the Galois theory 
of substitutions of roots of algebraic equations ({[6]). 

As above, let x’ = f(x; a1,...,a,) =: fa(x) be a family of (local) analytic diffeo- 
morphisms parameterized by a finite number r of parameters. For Lie, the basic, 
single group axiom should just require that such a family be closed under composi- 
tion, namely that one always has fa(f,(x)) = fc(x) for some c depending on a and 
on b. More precisions on this definition will given in the next chapter, but at present, 
we ask whether one can really economize the other two group axioms: existence of 
an identity element and existence of inverses. 


Lemma 2.1. /f H is any subset of some abstract group G with Card H < © which is 
closed under group multiplication: 


hihg €H whenever hi, ho EA, 


then H contains the identity element e of G and every h € H has an inverse in H, so 
that H itself is a true subgroup of G. 


Proof. Indeed, picking h € H arbitrary, the infinite sequence h,h?,h?,...,h*,... of 
elements of the finite set H must become eventually periodic: h* = h*™ for some 
a> 1and for somen > 1, whence e = h", soe € H and h"~! is the inverse of h. 


For more than thirteen years, Lie was convinced that a purely similar property 
should also hold with G = Diff, being the (infinite continuous pseudo)group of 
analytic diffeomorphisms and with H c Diff, being any continuous family closed 
under composition. We quote a characteristic excerpt of [7], pp. 444-445. 


As is known, one shows in the theory of substitutions that the permutations of a 
group can be ordered into pairwise inverse couples of permutations. Now, since 
the distinction between a permutation group and a transformation group only 
lies in the fact that the former contains a finite and the latter an infinite number 
of operations, it is natural to presume that the transformations of a transforma- 
tion group can also be ordered into pairs of inverse transformations. In previous 
works, I came to the conclusion that this should actually be the case. But be- 
cause in the course of my investigations in question, certain implicit hypotheses 
have been made about the nature of the appearing functions, then I think that it is 
necessary to expressly add the requirement that the transformations of the group 
can be ordered into pairs of inverse transformations. In any case, I conjecture 
that this is a necessary consequence of my original definition of the concept [BE- 
GRIFF] Of transformation group. However, it has been impossible for me to prove 
this in general. 


As a proposal of counterexample that Engel devised in the first year he worked 
with Lie (1884), consider the family of transformation equations: 
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where x, x’ € C and the parameter € € C is restricted to |¢| < 1. Of course, this fam- 
ily is closed under any composition, say: x’ = ¢,x and x” = €)x’ = C, Cox, with in- 
deed | €1| < 1 when |€,|, |¢2| < 1, but neither the identity element nor any inverse 
transformation does belong to the family. However, the requirement |¢| < 1 is here 
too artificial: the family extends in fact trivially as the complete group [ie =¢ x) 


eC 
of dilations of the line. Engel’s idea was to appeal to a Riemann map @ having 
{|¢| = 1} as a frontier of nonextendability. The map used by Engel is the follow- 


ing!| Let od; denote the number of odd divisors (including 1) of any integer k > 1. 
The theory of holomorphic functions in one complex variables yields the following. 


Lemma 2.2. The infinite series: 


Vv 
(a) aca py — = y (a’ +a’ +a’ +a +---)= YY odka* 
vol k>1 


converges absolutely in every open disc Ap = {z € C: |z| < p} of radius p < 1 and 
defines a univalent holomorphic function A — C from the unit disc A := {|z| < 1} 
to C which does not extend holomorphically across any point of the unit circle 


JA =4\z\=1}. 


In fact, any other similar Riemann biholomorphic map ¢ +> @(C€) =: A from the 
unit disc A onto some simply connected domain A := @(A) having fractal bounda 
not being a Jordan curve, as e.g. the Von Koch Snowflake Island, would do the jot 
Denote then by A +> 7(A) =: ¢ the inverse of such a map and consider the family 
of transformation equations: 


(= X(A)*) rca: 


By construction, |7(A)| < 1 for every A € A. Any composition of x’ = 7(A,)x and 
of x” = y(Az)x’ is of the form x” = x(A)x, with the uniquely defined parameter 
A := @(x(A1) x(Az)), hence the group composition axiom is satisfied. However 
there is again no identity element, and again, none transformation has an inverse. 
And furthermore crucially (and lastly), there does not exist any prolongation of the 
family to a larger domain ADA together with a holomorphic prolongation ¥ of 7 
to A so that X(A ) contains a neighborhood of {1} (in order to catch the identity) 
or a fortiori a neighborhood of A (in order to catch inverses of transformations 
x’ = 7(A)x with A € A close to dA). 


' In the treatise [4], this example is presented at the end of Chap.[9] see below p. 
2 A concise presentation of Carathéodory’s theory may be found in Chap. 17 of ; 
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Observation 


In Vol. I of the Theorie der Transformationsgruppen, this example appears only in 
Chap. 9, on pp. 163-165, and it is written in small characters. In fact, Lie still be- 
lieved that a deep analogy with substitution groups should come out as a theorem. 
Hence the structure of the first nine chapters insist on setting aside, whenever pos- 
sible, the two axioms of existence of identity element and of existence of inverses. 
To do justice to this great treatise, we shall translate in Chap. [9] how Master Lie 
managed to produce the Theorem 26 on p. which he considered to provide the 
sought analogy with finite group theory, after taking Engel’s counterexample into 
account. 
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Chapter 3 
Fundamental Differential Equations 
for Finite Continuous Transformation Groups 


Abstract A finite continuous local transformation group in the sense of Lie is a 
family of local analytic diffeomorphisms x; = f;(x; a),i=1...,n, parametrized by a 
finite number r of parameters a 1,...,a, that is closed under composition and under 
taking inverses: 


fi(f (x: a); b)) = fix; m(a,b)) and =x = fi(x’si(a)), 


for some group multiplication map m and for some group inverse map 1, both local 
and analytic. Also, it is assumed that there exists e = (e;,...,e,) yielding the iden- 
tity transformation: f;(x; e) = xj. 

Crucially, these requirements imply the existence of fundamental partial differ- 
ential equations: 


(i=1---n, k=1-+--r) 


which, technically speaking, are cornerstones of the basic theory. What matters here 
is that the group axioms guarantee that the r x r matrix (w,;) depends only on a and 
it is locally invertible near the identity. Geometrically speaking, these equations 
mean that the r infinitesimal transformations: 


corresponding to an infinitesimal increment of the k-th parameter computed at a: 
F41,.-- Ag +E, «5 Ar) — f (05 A1y + Oey «yp Gr) EXE 


are linear combinations, with certain coefficients —yj(a) depending only on the 
parameters, of the same infinitesimal transformations computed at the identity: 
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Remarkably, the process of removing superfluous parameters introduced in the 
previous chapter applies to local Lie groups without the necessity of relocalizing 
around a generic dg, so that everything can be achieved around the identity e itself, 
without losing it. 


3.1 Concept of Local Transformation Group 


Let K = R or C, let > 1 be an integer and let x = (x1,...,xn) € IK” denote variables 
of an n-times extended space. We shall constantly employ the sup-norm: 


|x| := max |x|, 
1<i<n 


where | -| denotes the absolute value on R, or the modulus on C. For various “radii” 
p > 0, we shall consider the precise open sets centered at the origin that are defined 
by: 


Ap = {x EK": |x| <p}; 


in case K = C, these are of course standard open polydiscs, while in case K = R, 
these are open cubes. 
On the other hand, agairl|| with IK = R or C, let r > 1 be another integer and 


introduce parameters a = (a),...,a,) in K’, again equipped with the sup-norm: 
|a| := max |a,|. 
1<k<r 


For various 0 > 0 similarly, we introduce the precise open sets: 


OG := {aE RK’: |a|<o}. 


3.1.1 Transformation Group Axioms 


Let 

FS Finis MA Gigei ee) (i=1---n) 
be a local transformation equations, as presented in Chapter[I] To fix the local char- 
acter, the f;(x;a) will be assumed to be defined when |x| < p; and when |a| < oj, 
for some P; > 0 and for some 0; > 0. We shall assume that for the parameter a := e 
equal to the origin 0 € K’, the transformation corresponds to the identity, so that: 


7 Mig nh 20 nc DSM (i=1+--n). 


' When x € R” is real, while studying local analytic Lie group actions x; = fi(x;a) below, we will naturally require 
that a € R’ also be real (unless we complexify both x and a). When x € C”, we can suppose a to be either real or 
complex. 
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Consequently, for the composition of two successive such transformations 
x’ = f(x;a) and x” = f(x';b) to be well defined, it suffices to shrink p; to p2 with 
0 < p2 < py; and oj to 02 with 0 < 02 < oj in order to insure that: 


|f(x3a)| < pi forall |x| < pz andall |a| < op. 


This is clearly possible thanks to f(x;0) = x. Now, we can present the local trans- 
formation group axioms, somehow with a rigorous control of existence domains. 


K" ar , 


Fig. 2: Local transformation group in terms of cubes 


Group composition axiom. For every x € Aj,» and a,b € Ug,, an arbitrary com- 
position: 


(1) x =F foal) =fose) = fGim(@d)) 


always identifies to an element f(x;c) of the same family, for a unique parameter 
c = m(a,b) given by an auxiliary group-multiplication local analytic map: 


a n 


Ter 
o, U6, — K 


m: 


which satisfies m(OG, x 0G,) C OG, and m(a,e) = m(e,a) =a. 

For a,b,c € 3 with 0 < 03 < 0) < 0; small enough so that three successive 
compositions are well defined, the associativity of diffeomorphism composition 
yields: 


f (x;m(m(a,b),c)) mie) D)) = f (x;m(a,m(b,c))), 


whence, thanks to the supposed uniqueness of c = m(a,b), it comes the group as- 
sociativity: m(m(a, b), c) = m(a,m(b, c)) for such restricted values of a,b,c. 

Contrary to what his opponents sometimes claimed, e.g. Study, Slocum and oth- 
ers, Lie was conscious of the necessity of emphasizing the local character of trans- 
formation groups that is often required in applications. Amongst the first 50 pages of 
the Theorie der Transformationsgruppen, at least 15 pages (written in small charac- 
ters) are devoted to rigorously discuss when and why domains of definition should 
be shrunk. We translate for instance a relevant excerpt ({[I]], pp. 15—16) in which the 
symbol (x), due to Weierstrass and introduced by Engel and Lie just before, denotes 
a region of the coordinate space and (a) a region of the parameter space, with the fj 
analytic there. 
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Here one has to observe that we have met the fixing about the behavior of the 
functions f;(x;a) only inside the regions (x) and (a). 

Consequently, we have the permission to substitute the expression x, = 
fv(x,a) in the equations x/ = f;(x’,b) only when the system of values x},...,.), 
lies in the region (x). That is why we are compelled to add, to the fixings met up 
to now about the regions (x) and (a), yet the following assumption: it shall be 
possible to indicate, inside the regions (x) and (a), respective subregions ((x)) 
and ((a)) of such a nature that the x; always remain in the region (x) when the 
x; run arbitrarily in ((x)) and when the a, run arbitrarily in ((a)); we express this 
briefly as: the region x’ = f (((x)) (a))) shall entirely fall into the region (x). 

According to these fixings, if we choose x,,...,X, in the region ((x)) and 
aj,...,d, in the region ((a)), we then can really execute the substitution x), = 
fi,(x,a) in the expression f;(x},...,x/,, b1,...,Dn); that is to say, when x°,...,x® 
means an arbitrary system of values in the region ((x)), the expression: 


hn een cca) Dike eo) 


can be expanded, in the neighborhood of the system of values Xe as an ordinary 
power series in x; —x?, ...,X, —X9; the coefficients of this power series are func- 
tions of a1,...,d;, b,,...,b, and behave regularly, when the a, are arbitrary in 
((a)) and the b, are arbitrary in (a). 


Existence of an inverse-element map. There exists a local analytic map: 


i: 
oO! 


— k’ 


i: 


with i(e) = e (namely i(0) = 0) such that for every a € O 


e=m(a,i(a)) = m(i(a),a) 
whence in addition: x= f(f(x;a);i(a)) = f (f(x:i(a));a), 


n 
for every x € Ap. 


3.1.2 Some Conventions 


In the sequel, the diffeomorphism x +> f(x;a) will occasionally be written x > 
fa(x). Also, we shall sometimes abbreviate m(a,b) by a-b and i(a) by a~!. Also, a 
finite number of times, it will be necessary to shrink again pz and 09. This will be 
done automatically, without emphasizing it. 


3.2 Changes of Coordinates and of Parameters 25 


3.2 Changes of Coordinates and of Parameters 


In the variables x1,...,x,, let the equations: 
ae = ese ee (i=1--n) 


of an r-term group be presented. Then there are various means to derive from 
these equations other equations which represent again an r-term group. 

On the first hand, in place of the a, we can introduce r arbitrary independent 
functions of them: 


Ge — dieses) (k=1--r) 
as new parameters. By resolution with respect to aj,...,@;, one can obtain: 
Oe = ii Gis =-4 Gr) (k=1--r) 


and by substitution of these values, one may set: 
Til Migeeas ins ee OA) — Ti ieee Ae onan) 


Then if we yet set: 


By(Pise--, Or) — Oe [Dey coos) =e (k=1--r), 


the composition equations: 


take, without effort, the form: 
jes) ye aleetZas Dib, Sih aera Cie aa Gals 
from which it results that the equations: 
X= Vo ey Cine) (i=1---n) 


with the r essential parameters d@,,...,d, represent in the same way an r-term 
group. 

Certainly, the equations of this new group are different from the ones of the 
original group, but these equations obviously represent exactly the same trans- 
formations as the original equations x; = f;(x,a). Consequently, the new group 
is fundamentally identical to the old one. 

On the other hand, we can also introduce new independent variables y,,..., yy 
in place of the x: 

yO ea) (i=1---n), 
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or, if resolved: 
Xi — Wil Vines va) (i=1---n). 
Afterwards, we have to set: 


! ! ! ! " " " " 
Xj = Wi(Y1,-- +n) = Wis Xj =Wi(V15--- Yn) = Wi 


and we hence obtain, in place of the transformation equations: 
= earn At ye 
the following ones: 
WHO) Sena ass bs ya soatlg(hinaen ry 
or, by resolution: 
= a; (fi(w, a), ea) =o) Vinnie ae 
It is easy to prove that the equations: 
Ve SAV Yan 1a?) (i=1---n) 


with the r essential parameters a1, ...,a, again represent an r-term group. In fact, 
the known equations: 


JAE Orns CSO), Dine 0) =f Mie secu ene einer er) 
are transferred, after the introduction of the new variables, to: 
fi(f(w,a), b) = OW iysees Wan OF peer 


which can also be written: 


Tee a Dike ba) Sf Meee ie ene Cp) =wW 


but from this, it comes by resolution with respect to y/,...,y/: 
= cy (fi(w’,b), Ge sea) = Gy (fi(w,c),...,fn(wc)), 
or, what is the same: 
Vy = BVM Ins Diy Br) = BVO, Ins ly +5 €r)s 
that is to say: there exist the equations: 
yl Gil ORE) sehen SOE 2) iter ene) SENG ae eS oy elnan Oa) 


whence it is indeed proved that the equations y; = §;(y,a) represent a group. 


3.2 Changes of Coordinates and of Parameters 


Lastly, we can naturally introduce at the same time new parameters and new 
variables in a given group; it is clear that in this way, we likewise obtain a new 
group from the original group. 

At present, we set up the following definition: 


Definition. Two r-term groups: 


Ih Geer ae) (i=1-+-n) 


Y= Vine as Classen) (i=1--n) 


in the same number of variables are similar [AHNLICH] to each other as soon as 
the one converts into the other by the introduction of appropriate new variables 
and of appropriate new parameters. 


Obviously, there is an unbounded number of groups which are similar to a 
given one; but all these unboundedly numerous groups are known simultane- 
ously with the given one. For this reason, as it shall also happen in the sequel, 
we can consider that two mutually similar groups are not essentially distinct 
from each other. 


Above, we spoke about the introduction of new parameters and of new variables without deal- 
ing with the assumptions by which we can ascertain that all group-theoretic properties essential 
for us are preserved here. Yet a few words about this point. 

For it to be permitted to introduce, in the group x; = fi(x1,...,%n,41,--.,d,), the new pa- 
rameters @ = B,(a),...,@,) in place of the a, the @, must be univalent functions of the a in 
the complete region (a) defined earlier on, and they must behave regularly everwhere in it; the 
functional determinant )) +0B,/da --- 0B,/da, should vanish nowhere in the region (a), and 
lastly, to two distinct systems of values a;,...,a, of this region, there must always be associated 
two distinct systems of values @,...,d,. In other words: in the region of the G, one must be 
able to delimit a region (@) on which the systems of values of the region (a) are represented in a 
univalent way by the equations @ = B;(a1,...,d,). 


On the other hand, for the introduction of the new variables y; = @;(x),...,%n) to be 
allowed, the y must be univalent and regular functions of the x for all sytems of val- 
ues x;,...,X, Which come into consideration after establishing the group-theoretic properties 
of the equations x; = fj(x1,...,%,41,-..,a,); inside this region, the functional determinant 
Y £0@,/0x, --- O@,/AXx, should vanish nowhere, and lastly, to two distinct systems of values 
X1,-..,X, of this region, there must always be associated two distinct systems of values y;,...,Yn. 
The concerned system of values of the x must therefore be represented univalently onto a certain 
region of systems of values of the y. 

If one would introduce, in the group x; = f;(x,a), new parameters or new variables without the 
requirements just explained being satisfied, then it would be thinkable in any case that important 
properties of the group, for instance the group composition property itself, would be lost; a group 
with the identity transformation could convert into a group which does not contain the identity 
transformation, and conversely. 

But it certain circumstances, the matter is only to study the family of transformations 
x) = f;(x,a) in the neighbourhood of a single point a),...,a, Or x1,...,Xn. This study will often 
be facilitated by introducing new variables or new parameters which satisfy the requirements 
mentioned above in the neighbourhood of the concerned points. 
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In such a case, one does not need at all to deal with the question whether the concerned 
requirements are satisfied in the whole extension of the regions (x) and (a). 


Now, if we have a family of co” transformations: 


i EO inecanlons Uicee nae) 


which forms an r-term group, then there corresponds to this family a family 
of co” operations by which the points of the space x1,...,x, are permuted. Evi- 
dently, any two of these o0” operations, when executed one after the other, always 
produce an operation which again belongs to the family. 

Thus, if we actually call a family of operations of this sort a group-operation 
[OPERATIONSGRUPPE], or shortly, a group, then we can say: every given r-term 
transformation group can be interpreted as the analytic representation of a cer- 
tain group of %" permutations of the points x1,...,Xp. 

Conversely, if a group of co” permutations of the points x;,...,x, 1s given, and 
if it is possible to represent these permutations by analytic transformation equa- 
tions, then the corresponding o” transformations naturally form a transformation 
group. 

Now, if one imagines that a determined group-operation is given, and in ad- 
dition, that an analytic representation of it is given— hence if one has a trans- 
formation group —, then this representation has in itself two obvious incidental 
characters [ZUFALLIGKEIT]. 

The first incidental character is the choice of the parameters a1,...,a;. It 
stands to reason that this choice has in itself absolutely no influence on the 
group-operation, when we introduce in place of the a the new parameters 
a, = By(a1,.--,a,). Only the analytic expression for the group-operation will 
be a different one on the occasion; therefore, this expression represents a trans- 
formation group as before. 

The second incidental character in the analytic representation of our group- 
operation is the choice of the coordinates in the space x),...,x,. Every permu- 
tation of the points x;,...,x, is fully independent of the choice of the system 
of coordinates to which one refers the points x),...,x,; only the analytic repre- 
sentation of the permutation changes with the concerned system of coordinates. 
Naturally, the same holds for any group of permutations. From this, it results 
that by introducing new variables, that is to say, by a change of the system of 
coordinates, one obtains, from a transformation group, again a transformation 
group, for the transformation equations that one receives after the introduction 
of the new variables represent exactly the same group-operation as the one of the 
initial transformation group, so that they form in turn a transformation group. 

Thus, the analytic considerations of the previous paragraphs are now ex- 
plained in a conceptual way. Above all, it is at present clear why two similar 
transformation groups are to be considered as not essentially distinct from each 


3.3, Geometric Introduction of Infinitesimal Transformations 29 


other; namely, for the reason that they both represent analytically one and the 
same group-operation. 


3.3 Geometric Introduction of Infinitesimal Transformations 


Now, for reasons of understandability, we shall present in advance the basic geo- 
metric way in which infinitesimal transformations can be introduced, a way which 
is knowingly passed over silence in the great treatise [I]. 

Letting € denote either an infinitesimal quantity in the sense of Leibniz, or a 
small quantity subjected to Weierstrass’ rigorous epsilon-delta formalism, for fixed 
k € {1,2,...,r}, we consider all the points: 


x, = fi(xs e1,...,€¢ +€,...,€n) 
ai 
Oak 


that are infinitesimally pushed from the starting points x = f(x;e) by adding the tiny 
increment € to only the k-th identity parameter e,. One may reinterpret this common 
spatial move by introducing the vector field (and a new notation for its coefficients): 


ae 
=e oe: = ¥ bul Cat) a 


which is either written as a derivation in modern style, or considered as a column 


vector: 
* (5h...) = ga Sei) x 


based at x, where *(-) denotes a transposition, yielding column vectors. Then x’ = 
x+eéX;/+---, or equivalently: 


=x+ (xj3e)E+--- (i=1---n) 


xj=xjtecgt-- (i=1--n), 


where the left out terms “+--+” are of course an O(€7), so that from the geometrical 
viewpoint, x’ is infinitesimally pushed along the vector Xf | , up to a length e. 


a3 


Fig. 3: Infinitesimal displacement x’ = x + € X° of all points 


More generally, still starting from the identity parameter e, when we add to e an 
arbitrary infinitesimal increment: 


30 3 Fundamental Differential Equations for Finite Continuous Transformation Groups 
(e1 HEAL... CREAR... er FEA), 


where *(A;,...,A,) \. is a fixed, constant vector based at e in the parameter space, it 
follows by linearity of the tangential map, or else just by the chain rule in coordi- 
nates, that: 


_ n Of; 
filxsse+ed) me > EA, a: 


(xe) +o 


=xt+ey Acu(x)+---, 
k=1 
so that all points x’ = x+e€X-+--- are infinitesimally and simultaneously pushed 
along the vector field: 
X =A Xf +: +ArXS 


which is the general linear combination of the r previous basic vector fields X;, 
ea) err 8 

Occasionally, Lie wrote that such a vector field X belongs to the group 
x’ = f(x;a), to mean that X comes itself with the infinitesimal move x = x+ €X 
it is supposed to perform (dots should now be suppressed in intuition), and hence 
accordingly, Lie systematically called such an X an infinitesimal transformation, 
viewing indeed x’ = x+€X as just a case of x’ = f(x,a). Another, fundamental and 
very deep reason why Lie said that X belongs to the group x’ = f(x,a) is that he 
showed that local transformation group actions are in one-to-one correspondence 
with the purely linear vector spaces: 


Vectyx (X1, Xo, sits ol 


of infinitesimal transformations, which in fact also inherit a crucial additional al- 
gebraic structure directly from the group multiplication law. Without anticipating 
too much, let us come to the purely analytic way how Engel and Lie introduce the 
infinitesimal transformations. 


3.4 Derivation of Fundamental Partial Differential Equations 


So we have defined the concept of a purely local Lie transformation group, insisting 
on the fact that composition and inversion are both represented by some precise 
local analytic maps defined around the identity. The royal road towards the famous 
theorems of Lie is to differentiate these finite data, namely to infinitesimalize. 

We start with the group composition law (1) which we rewrite as follows: 


x =f (Ff @ia)o) =f Gad) =i ec). 


Here, c :=a-b depends on a and b, but instead of a and b, following [I], we want to 


consider a and c to be the independent parameters, namely we rewrite b = a~! -c =: 


3.4 Derivation of Fundamental Partial Differential Equations 31 
b(a,c) so that the equations: 
fi(f (x34); b(a,c)) = filase) (i=1-n) 
hold identically for all x, all a and all c. Next, we differentiate these identities with 
respect to a,, denoting fj = fi(x’sb) and x’; = fj(x;a): 
aff ax, Aff Am | As! Ob aff Abr 
Ox, Oag Ox! Oaz = Ob, Oag Ob, Oak 


=0 (i=1--n). 


Here of course again, the argument of f’ is ( f(x,a);B(a,c)), the argument of 
x’ is (x;a) and the argument of b is (a,c). Thanks to x’(x';e) = x’, the matrix 


st ( ies e);b(e,e)) is the identity J,.,. So using Cramer’s ruld2), for each fixed 


k, we can solve the preceding n linear equations with respect to the n unknowns 
Ox ox, 


Jatt da? getting expressions of the form: 

ax, | aby |. Ob; 

ay YS =. ,b 5, \% . Ey ’ ’ 
(2) on (x; a) iit Pn C) +--+ + 2,y(%',b) 5 a c) 


with some analytic functions 2jy(x’,b) that are independent of k. 


5; F Ob; ; F ‘ 
On the other hand, in order to substitute the ae we differentiate with respect to 
a, the identically satisfied identities: 


Cu =My (a, b(a,c)) (u=1--r). 
We therefore get: 


Amy | IM Abz 
Oak n1 Obz Oak 


: -_ omy . ; : 
But since the matrix wp. 18 the identity /,.., for (a, b(a,c)) | baxtes 
because m(e,b) = b, Cramer’s rule again enables one to solve this system with 


respect to the r unknowns oa getting expressions of the form: 


= (e,e), just 


Obz 
Oa, 
for certain functions %,, defined on a possibly smaller parameter product space 


o, X Ug,- Putting again (a,c) = (e,e) in the same system before solving it, we get 
in fact (notice the minus sign): 


(a, G) = Phx (a, ) 


2 _ and possibly also, shrinking 2 and ©} if necessary, and also below, without further mention. 
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ob 1l<am<r 
(*(e.e)) = —lexr, 


Oak 1<k<r 


so that %z(e,e) = —6/. 
We can therefore now insert in (2) the gained value % of 2 Se, obtaining (and 
quoting [I], p. 29) the following crucial partial differential equations: 


/ 
re 


These equations are of utmost importance [AUSSERST WICHTIG], as we will see 
later. 


Here, we have replaced c by c = c(a,b) = a-b, whence b(a, c(a,b)) = b, and we 
have reconsidered (a,b) as the independent variables. 


3.4.1 Restricting Considerations to a Single System of Parameters 


Setting b:= ein above, the partial derivatives of the group transformation equa- 
tions x, = x;(x;a) with respect to the parameters a, at (x; a): 


(2”) 


appear to be linear combinations, with certain meee Wij(a) = %j(a,e) de- 
pending only upon a, of the quantities €j;(x’) := Z)i(x’,b) Ves poe: But we in fact al- 
ready know these quantities. 


3.4.2 Comparing Different Frames 
of Infinitesimal Transformations 


Indeed, setting a = e above, thanks to yx ;(e) = —6/ , we get immediately: 


ea tee - Fi a, 


whence the &;;(x) just coincide with the coefficients of the r infinitesimal transfor- 
mations already introduced on p. [29] (with an overall opposite sign) and written as 
derivations: 
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3 a Of 
hea Shido t+ endo 
(3) 3 Pa 
=: —Exy( x7 Seal) 5 (k=1---r) 


Now at last, after having reproduced some rather blind computations by which Lie 
expresses his brilliant synthetic thoughts, the crucial geometric interpretation of the 
twice-boxed partial differential equations can be unveiled. 


(Kr 


= pf 


Z rae => Yj (a Hl. /) 
Fig. 4: Geometric signification of the fundamental differential ee 


Instead of differentiating with respect to ax only at (x;e), we must in principle, for 
reasons of generality, do the same at any (x;a), which yields the vector fields: 


and then the fundamental partial differential equations say that such new r infinites- 
imal transformations: 


are just linear combinations, with coefficients depending only upon the group pa- 
rameters, of the r infinitesimal transformations X/,...,X, computed at the special 
parameter e, and considered at the a-pushed points fa(x). 

Finally, since the matrix y;;(a) has an inverse that we will denote, as in [1], by 
Q;,(a@) which is analytic in a neighborhood of e, we can also write the fundamental 
differential equations under the reciprocal form, useful in the sequel: 


x 


(4) eae =¥ — (x; a). (i=1---n; j=1--r). 


3.5 Essentializing the Group Parameters 


As we have seen in the previous chapter, the (needed) suppression of illusory 
parameters in the transformation group equations x; = fi(x;a) = Vgenn Wy (a) x™ 
might require to relocalize considerations to some neighborhood of some generic 
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a°, which might possibly not include the identity e. Fortunately, this does not 
occur: the group property ensures that the rank of the infinite coefficient map 


l<i<n’. 
Un. :at-—> (Wi (a)) oenn iS constant around e. 
Proposition 3.1. For a finite continuous local Lie transformation group x, = 
filxsa) = Yeenn Uy (a)x% expanded in power series with respect to x, the 
following four conditions are equivalent: 


acN” 


(i) The parameters (a,,...,a;) are not essential, namely the generic rank of a—> 
l<i<n . : 
YG ‘~~, is strictly less than r. 
a acN y 


(ii) The rank at all a near the identity e = 0 (and not only the generic rank) of at— 


(%q(a)) nd is strictly less than r. 


(iii) There exists a vector field FT = Yj_, 14 (4) 32 having analytic coefficients 
T|(a) which vanishes nowhere near e and annihilates all coefficient functions: 
0= 7%, for alli and all a. 


(iv) There exist constants e,,...,@, € Knot all zero such that, if 
oft 0 O fn ) 
XxX, = 5é€) ——+---+——(x3e) — k=l-en 
ae a a 


denote the r infinitesimal transformations associated to the group, then: 
0=e,X,+:-::+e,X,. 
Proof. Suppose that (iv) holds, namely via the expressions Q): 
0 = —e; &1;(x) —---—er G(x) (i=1---n). 


By applying the linear combination Li e;(-) to the partial differential equa- 
tions (4), the left member thus becomes zero, and we get n equations: 


ror Pee 
O= De dee ula) 5, 4) (i=1--n) 
which just say that the not identically zero vector field: 
iS y e «/8x(0)) 2 
k=1 \j=1 ak 
satisfies O= 7 fj =---= ZT fy, or equivalently 0 = 7Y; for all i and all a. Since 


the matrix @(a) equals —J,,., at the identity e, the vectors 7 \. are nonzero for all a 
in a neighborhood of a. In conclusion, (iv) implies (iii), and then straightforwardly 
(iii) > (ii) => (i). 

It remains to establish the reverse implications: (i) = (ii) = (iii) => (iv). As a key 
fact, the generic rank in (i) happens to be constant. 
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Lemma 3.1. There exist two © X co matrices (Coeff pew and (Coeff (a ae 


of analytic functions Ain, parameters a,,...,a; which enjoy appropriate Cauchy 
convergence estimate 1°} the second matrix being the inverse of the first, such that: 


U,(m(a,b)) = Y Coeff (a) Uj (b) (i=1--m; HEN’), 
Ben” 


and inversely: 


Ui(b) = oy Coeff (a) Uj (m(a,b)) (i=1---n; GEN"). 
Ben" 


l<i<n 


As a consequence, the rank of the infinite coefficient mapping a'—> (%(a)) wenn 


is constant in a neighborhood of e. 

Proof. By definition, the composition of x/ = Yen» Y(a)x% and of x/ = 
Ypen Uz (b) (x')B yields x// = f;(x;m(a,b)) and we must therefore compute the 
composed Taylor series expansion in question, which we place in the right-hand 


side: 
B 
Y &%(m(a,b))x*= Vo ON yy ola) ) 


acN" BeN" aeN” 


To this aim, we use the general formula for the expansion of a k-th power: 


(¥ cax*) = y a y Coy Cay } 


aeNn acN” Oyt-+0, =a 


of a scalar power series. Thus splitting x’? = (x; )P1 -.-(x/,)8» in scalar powers, we 
may start to compute the wanted expansion: 


B Bn 
Composition = d. Up (b (x ast!) ( > in(a)x*" ) 
ox EN" 


(Bi,---Bn) oleNn 
a ms Mtb | ee : y UN (a) W), ca} 
Bn) aleN" ay +--+044 = ar! ! By 
“| Df LC wala--g. caf], 
areN” a t+-+aR =a" in 


To finish off, if we apply the expansion of a product of n power series: 
1 
(La Crew )- (Ler She as ie yx \oaptaten eo cen}, 


3 __ that are automatically satisfied and hence can be passed over in silence — 
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we then obtain straightforwardly: 


yy %(m(a,b)) x% = Et, y WU (b) 


By, --Bn) ai+--+oar"=a 


Wa) %y (a) (Ee ala) (a)) 


ae nN gyn 
a+ +Og a 


By identifying the coefficients of x” in both sides and by abbreviating just as 


Coeff (a) the Ygi...4qr—q Of the products of the n long sums appearing in the 
second line, we have thus gained the first family of equations. The second one is 
obtained quite similarly by just expanding the identities: 


Filx; b) = fi( f(x i(a)); m(a, b)) (i=1---n). 


The two gained families of equations must clearly be inverses of each other. 
To show that the rank at e of a+> U..(a) is the same as it is at any a near e, we 
apply i | p—e tO the first, and also to the second, family of equations, which gives: 


dl OU om, B B 
——(a,e)= Coeff 
Yar) Fo) x. a(@) Fe) 
aU B (3 0U(4) am, ) 
- Coeff a 
Ob; ( ) ben oe a(@) d day Ob ) 


(k=1--r; i=1--n; HEN"), 


Of course, the appearing r x r matrix: 


om, hes 


M(a) := (55, (ae) 


has nonzero determinant at every a, because left translations b ++ m(a,b) of the 
group are diffeomorphisms. Thus, if for each fixed i we denote by Jac U!,(a) the 


l<k<r 


. : U €N” : ii : sys 
r x ce Jacobian matrix (S%4(a)) . <k<r? the previous two families of identities when 


written in matrix form: 
M(a) Jac UL, (a) = Coeff (a) Jac UL, (a) 
Jac U!,(e) = Coeff (a) M(a) Jac U‘,(a) 


show well that the rank of Jac!,(a) must be equal to the rank of Jac!,(e). This com- 
pletes the proof of the auxiliary lemma. 


Thus, (i) of the proposition implies (ii) and moreover, the last part of the theorem 
on p. [13] yields annihilating analytic vector fields %,...,.%;—p,, on the parameter 
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space with dim Vect (Fj “a gp Dis i) =r— /. constant for all a near e. So (i) > 
(ii) = (ili). Finally, assuming (iii), namely: 


0= 7 fi(xa) =) x(a) 


with 7 F # 0, and replacing 2 by its value (2”) given by the fundamental differ- 
ential equations, we get: 


C= > X ala) a) Wxj(a a) & ji (x de a)) (i=1--n). 


Setting a to be the identity element in these equations and introducing the r con- 
stants (remind here that y;;(e) = —6/): 


j= Lear Hl) Wise) = — T(E) (gehe?) 
that are not all zero, since .7 . + 0, we get equations: 
O = cy Gi(x) +--- ter Gri(x) (i=1---n) 


which, according to (3), are the coordinatewise expression of (iv). This completes 
the proof of the proposition. 


3.6 First Fundamental Theorem 


Thanks to this proposition and to the corollary on p. no relocalization is neces- 
sary to get rid of superfluous parameters in finite continuous transformation groups 
x’ = f(x3;a1,...,a,-). Thus, without loss of generality parameters can (and surely 
will) always be assumed to be essential. We can now translate Theorem 3 on pp. 33— 
34 of which summarizes all the preceding considerations, and we add some 
technical precisions if this theorem is to be interpreted as a local statement (though 
Lie has something different in mind, cf. the next section). As above, we assume 
implicitly for simplicity that the group x’ = f(x; a) is local and contains the identity 
transformation x’ = f(x; e) = x, but the theorem is in fact valid with less restrictive 
assumptions, see Sect. 3.9]and especially Proposition 


Theorem 3. /f the n equations: 


ee ape (i=1--n) 


represent a finite continuous group, whose parameters a,,...,ay are all essen- 
tial, then x',,...,x), considered as functions of a,,...,d;,X1,--.,Xn Satisfy cer- 
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tain differential equations of the form: 

/ / ; 
(5) a =¥ Wij ( Ghiloo aay) See) (i=1--n; kK=1--r), 


which can also be written as: 


Ox’ 
(6) See =a jk (Gre 584 Oo ee (i=1--n; j=1--r). 


Here, neither the determinant of the Wj(a), nor the one of the 0j,(a) vanishes 
identicall\4; in geaay it is impossible to indicate r quantities e1,...,e; inde- 
pendent of x’,,...,x;, [constants] and not all vanishing such that ee n expres- 
sions: 


el eines amo ae 12) (i=1--n) 


vanish simultaneously. 


Furthermore, the latter property is clearly equivalent to the nonexistence of con- 
stants e;,...,e, not all zero such that: 


0=e,X,+---+e,X,, 


that is to say: the r infinitesimal transformations X1,...,X;, are linearly independent. 
This property was shown to derive from essentiality of parameters, and Theorem 8 
p.[72]below will establish a satisfactory converse. 

Thus in the above formulation, Engel and Lie do implicitly introduce the r in- 
finitesimal transformations: 


n 0 
Xp = d Ski(%15-+-4%n) 5 (k=1--r) 


1 


of an r-term continuous group not as partial derivatives at the identity element with 
respect to the parameters (which would be the intuitively clearest way): 


Fi 
=) Se a jes =~ Xb 


but rather indirectly as having coefficients &;;(x) stemming from the fundamental 
differential equations (5); in fact, we already saw in [3] that both definitions agree 
modulo sign. Slightly Later in the treatise, the introduction is done explicitly. 


4 The functions &ji(x) are, up to an overall minus sign, just the coefficients of the r infinitesimal transformations 


obtained by differentiation with respect to the parameters at the identity: & j(x) = pe (G2) t= 1c J Hy wea giths 
Furthermore, with the purely local assumptions we made above, we in fact have yi.j;(e) = —6§! , So the mentioned 


determinants do not vanish for all a in a neighborhood of e. 
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Proposition. (([I]], p. 67) Associated to every r-term group xX, = fi(x1,..-,Xn, 


d\,.--,@r), there are r infinitesimal transformations: 
n Of 
Xe f= Yea) (k=1---r) 
i Ox; 
which stand in such a relationship that equations of the form: 
Ox! i ; j 
5 1 = L Wij (a1, an 5p) aa a ae) 
ak j=l 


hold true, that can be resolved with respect to the & jit 


E ox. 
Sele esata) = L Ce Ginw= a) ae 


The gist of Lie’s theory is to show that the datum of an r-term continuous (lo- 
cal) transformation group is equivalent the datum of r infinitesimal transformations 
X1,...,X; associated this way. The next chapters are devoted to expose this (well 
known) one-to-one correspondence between local Lie groups and Lie algebras of 
local analytic vector fields (Chap.[9), by following, by summarizing and by adapting 
the original presentation, but without succumbing to the temptation of overformal- 
izing some alternative coordinate-free reasonings with the help of some available 
contemporary views, because this would certainly impoverish the depth of Lie’s 
original thought. 


3.7 Fundamental Differential Equations 
for the Inverse Transformations 


According to the fundamental Theorem 3 just above p.[B7] a general r-term continu- 
ous transformation group x; = fi(x;a1,...,q,) satisfies partial differential equations: 
O fi/Oax = Li) Wej(@) Sji( fi, ---, fn) that are used everywhere in the basic Lie the- 
ory. For the study of the adjoint group in Chap.[16]below, we must also know how to 
write precisely the fundamental differential equations that are satisfied by the group 
of inverse transformations: 


xi = fi(x’s i(a)) (i=1--n), 


and this is easy. Following an already known path, we must indeed begin by differ- 
entiating these equations with respect to the parameters ax: 


40 3 Fundamental Differential Equations for Finite Continuous Transformation Groups 


ax Of ai | 
Oa, Y Sel si(a )) 0a (i 


=1--n;k=1--r). 


Naturally, we replace here the 0 f;/da, by their values )_, yj ji given by the 
fundamental differential equations of Theorem 3, and we obtain a double sum: 


er: —_ 
a ri a a)) Eii( f(x5i(a)) na ) 
= 2 a) §ji(x) (i=1--n; kK=1--1), 


which we contract to a single sum by simply introducing the following new r x r 
auxiliary matrix of parameter functions: 


Vij (a) = Wij ) Bag =—(a) (k,j=1--r), 


whose precise expression in terms of i(a) will not matter anymore. It now remains 
; ; ice ae ; 

to check that this matrix (0;;(a)) i S a is invertible for all a in a neighborhood of 

the identity element e = (e,...,e,). In fact, we claim that: 


Dj (e) = 8, 
which will clearly assure the invertibility in question. Firstly, we remember from 
Theorem 3 on p.B7|that yj ;(e) = —6/ . Thus secondly, it remains now only to check 
that $¥(e) = —64}. 
To hee this, we differentiate with respect to a, the identities: e; = m ;(a, i(a)), 
j=1,...,r, which hold by definition, and we get: 


_ om; “om; diy - 
= 94 5B, ©) da, ©) Gated: 


From another side, by differentiating the two families of r identities aj = m;(a,e) 
and bj = m;(e,b) with respect to a, and with respect to b;, we immediately get two 
expressions: 


om; j om; j 
Fa, (°°) = 6, and 25 = 6) 
which, when inserted just above, yield the announced gi — au be ) = —6/. Sometimes, 


we will write g(x; a) instead of f(x; i(a)). As a result: 


Lemma 3.2. The finite continuous aa aan group x, = f;(x;a) and its inverse 
transformations x; = g;(x’;a) : =7;(x: i(a )) both satisfy gadaneael partial differ- 
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ential equations of the form: 


Ox‘ Z 
7a (ia) = We j (a) & ji(x (x;a)) (i=1---n; K=1--7r), 
k j=l 
Ox; E 
Sn (sa) = Y Bei(a) Eje(x(x'sa)) (Se ee 
j=l 


where w and 8 are some two r x r matrices of analytic functions with —Yjj(e) = 
Vx; (e) = 5! , and where the functions § ji appearing in both systems of equations: 


cs aa a (i=1--n; j=1--7) 


are, up to an overall minus sign, just the coefficients of the r infinitesimal transfor- 
mations 
e_ Of 


= oa | eee A= Fa: (x; e) 


obtained by differentiating the finite equations with respect to the parameters at the 
identity element. 


Theorem 4. [fin the equations: 


/ r 
Ne i Xl eee arch | een) (i=1---n) 

of a group with the r essential parameters a,,...,a;, one considers the x; as 
functions of a,,...,a; and of x',,...,X), then there exist differential equations of 
the form: 

Ox; s 

5 =), Ou Ona) Ali och) (i=1---n; kK=1--r) 

ak j=l 


3.8 Transfer of Individual Infinitesimal Transformations 
by the Group 


With x = g(x’; a) denoting the inverse of x’ = f(x; a), we now differentiate with 
respect to a, the identically satisfied equations: 


x; = filg(’s a); a) (i=1--n), 


which just say that an arbitrary transformation of the group followed by its inverse 
gives again the identity transformation, and we immediately get: 
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_ Afi O8v Ofi 
= a Oxy Oa, Ta 


(i=1--n; k=1--r). 


Thanks to the above two systems of partial differential equations, we may then 
replace 0gy/da, by its value from the second equation of the lemma above, and 
also 0 f;/Oa, by its value from the first equation in the same lemma: 


=e {2 Dxj(a) Siv(8 ie wl =m yy Wujl@) Gil f) 


(7) v= 


In order to bring these equations to a more symmetric form, following [1] pp. 44— 
45, we fix k and we multiply, for i = 1 to n, the i-th equation by 2, we apply the 


summation )""_,, we use the fact that, through the diffeomorphism x ++ fa(x) = x, 
the coordinate vector fields transform as: 
a Woafa 


Oxy Ee Axy ax,’ 


which just means in contemporary notation that: 


n Of: O 
(fa) (34) = i=l Oxy 00 (v=1--n), 
and we obtain, thanks to this observation, completely symmetric equations: 
= 7] 


0= 2 Vx j (a yy Ejv(x) ont » Wij (a ) db far (k=1--r), 


in which the push-forwards (fa).(0/dxy) are now implicitly understood. It is 
easy to see that exactly the same equations, but with the opposite push-forwards 
(a)«(0/dx,), can be obtained by subjecting to similar calculations the reverse, 
identically satisfied equations: x; = g; ( 7a): a). Consequently, we have obtained 
two families of equations: 


nN n 0 r td 
0= Y Hj(@) YY Eve) 5 +), weila) Ly Siv) 57 
j=l v= V Ixrga(x’) j=l v=1 Vv 
8 n n F) r r ra 
S) 0=Y Ala) Y Sele) go +H wel) Ye Sivle) gr 
v=1 v=1 vooj= v=1 V Ix'+ fa(x) 


in which we represent push-forwards of vector fields by the symbol of variable 
replacement x +> g,(x’) in the first line, and similarly in the second line, by x’ > 


fa(x). 
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Theorem 5. /f the equations: 


/ 5 
eC iedare even none) (i=1---n) 
with the r essential parameters a,,...,a; represent an r-term transformation 
group, if, moreover, F(x',,...,X,,) denotes an arbitrary function of x,...,X), and 


lastly, if the Gjv(x), Wkj(a), Bx ;(a) denote the same functions of their arguments 
as in the two Theorems 3 and 4, then the relations: 


Y Ale) E Eee) 5+ wale) be Sole) Se = 


ee 


hold true after the substitution x, = fi(x,a), .....x), = fn(x, a). 


3.8.1 Synthetic, Geometric Counterpart of the Computations 


To formulate the adequate interpretation of the above considerations, we must in- 
troduce the two systems of r infinitesimal transformations (1 < k <r): 


n 
X= Yo Eui(x) o and Xp i= y Exi(x’ ae? 

i=l a Fe 
where the second ones are defined to be exactly the same vector fields as the first 
ones, though considered on the x’-space. This target, auxiliary space x’ has in fact 
to be considered to be the same space as the x-space, because the considered trans- 
formation group acts on a single individual space. So we can also consider that 
xX; coincides with the value of X; at x’ and we shall sometimes switch to another 


notation: 
ia 
Xi = Xi. | 


Letting now @ and ® be the inverse matrices of y and of #, namely: 
do a) Wj(a a)= 5/, ue a) Oxj(a a) = 57, 


we can multiply the first (resp. the second) line of (8) by a,(a) (resp. by 04.(a)) 
and then make summation over k = 1,...,7 in order to get resolved equations: 


44 3 Fundamental Differential Equations for Finite Continuous Transformation Groups 


0= YY Mela) (4) Xj +X) (k=1--7), 
k=l j=l 
0=X+ YY dua) (a) k=1 7), 
k=l j=l 


in which we have suppressed the push-forward symbols. We can readily rewrite 
such equations under the contracted form: 


Xe = VY pye(a)X} and x= L Pjx(a)X 
JE 


j=l 


by introducing some two appropriate auxiliary r x r matrices p jx(a) := —Lj_, Vu (a) Wij(a) 
and pj.(a) := —Lj_) O%(a) 0; ;(a) of analytic functions (whose precise expression 

does not matter here) which depend only upon a and which, naturally, are inverses 

of each other. A diagram illustrating what we have gained at that point is welcome 

and intuitively helpful. 


Fig. 5: Transfer of infinitesimal transformations by the group 


Proposition 3.2. If, in each one of the r basic infinitesimal transformations of the fi- 
nite continuous transformation group x’ = f (x; a) = fa(x) having the inverse trans- 
formations x = gq(x’), namely if in the vector fields: 


1 


n 0 : 
X= De Sle) 5 (k=1--r), Exi (x is — Sh (x; €), 


one aenees the new yananies x' = fa(x), that is to say: replaces x by gq(x’) 


and + 2 by ae oe Ue ayae ae then one necessarily obtains a linear combination 


of is same infinitesimal transformations X/ = Yt, €xi(x’) fe at the point x’ with 


coefficients depending only upon the parameters a\,..., Ar: 


(fa) (Xe) = (a)*( 


Of course, through the inverse change of variable x' > fa(x), the infinitesimal trans- 
formations X{, are subjected to similar linear substitutions: 
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(ga) «( 


tle) = (fa)* (Xl p00) =¥ Palo ) Xi|_, (k=1r). 


3.8.2 Transfer of General Infinitesimal Transformations 


Afterwards, thanks to the linearity of the tangent map, we deduce that the general 
infinitesimal transformation of our group: 


X:= eyX, +---+e,-X;, 


coordinatized in the basis (Xx) (anes 
€1,-..-,e- € K, then transforms as: 


by means of some r arbitrary constants 


(sa)*(e1Xi =p o4 +eXle(e) = y ek y Pix (a) X) 


and hence we obtain that the change of variables x' = fa(x) caused by a general 
transformation of the group acts linearly on the space ~ K" of its infinitesimal 
transformations: 


=) Pri(a (k=1--r), 


by just multiplying the coordinates e; by the matrix Py; (a). Inversely, we have: 
PP 
= y Pri(a) e} (k=1--r), 
I=1 
where P(a) is the inverse matrix of p(a). 


Proposition 4. ({[I], p. 81) If the equations x, = fi(x1,...,Xn, Q1,--.,@y) repre- 
sent an r-term group and if this group contains the r independent infinitesimal 
transformations: 


e 2] 
= 2 Gc apes (k=1--7), 


then after the introduction of the new variables x, = f;(x,a), the general infinites- 
imal transformation: 
e,X\(f) aa +eXyf 
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keeps its form in so far as, for every system of values e,,...,é;, there is a relation 
of the form: 


Y eeX(f) = Y aX(h), 
i=l kl 


where e},...,e). are independent linear homogeneous functions of e,,...,€, with 
coefficients which are functions of a,,...,@ry- 


3.8.3 Towards the Adjoint Action 


Afterwards, thanks to the linearity of the tangent map, we deduce that the general 
transformation of our group: 


K =e Xt be,X,, 


coordinatized in the basis (Milaepes 


€1,...,e- € K, then transforms as: 


by means of some r arbitrary constants 


(sa)*(e1Xi +++-46/Xr]()) = y ek ye Pix(a) X1| 
k=1 I= 


1 
=: e\(e; a) X| ,+---+e,(e; a) X; 


x! 


and hence we obtain that the change of variables x' = fy(x) performed by a general 
transformation of the group then acts linearly on the space ~ K\' of its infinitesimal 
transformations: 


by just multiplying the coordinates e; by the matrix Py(a). 

Nowadays, the adjoint action is defined as an action of an abstract Lie group on 
its Lie algebra. But in Chap. [16] below, Lie defines it in the more general context 
of a transformation group, as follows. Employing the present way of expressing, 
one considers the general infinitesimal transformation X FE = eX, +---+e,X, Vv 
of the group as being based at the point x’, and one computes the_adjoint action 
Ad fa(X|,,) of fa on X|,, by differentiating at t = 0 the composition? 


facexp(tx ) of, 


> One terms groups (t,x) ++ exp(tX)(x) are introduced in Chap.[4] 
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which represents the action of the interior automorphism associated to fq on the 
one-parameter subgroup (t,w) +> exp(tX )(x) generated by X: 


Ad fa(¥|y) = —(faoexPX)(ofe'@))| _, 
(fala (expX)(fa'@))) | 
(ollie) 
— (8a)*(X eal) 
= (ea)*(e1Xi nese, Xp a (2) } 
= e\(e; a)X\|., +e +el(esa Pere 
We thus recover exactly the linear action e/, = e),(e; a1,..., ar) boxed above. A dia- 
gram is welcome: from the left, the point x is sent by fy to x’ = fa(x ir inversely 
x = g(x’) —, the vector X|, =¥, ex Xk| 9, () is sent to (gq) edie )) by means of 


the differential (fa). = (ga)* and Lie’s en says that this ae vector 
is a linear combination of the existing vectors X,|, based at x’, with coefficients 
depending on the e; and on the aj. 


(84)*(Xe,cvy) 


[a a 
8a 


Fig. 6: Differentiating the action of an interior automorphism 


3.9 Substituting the Axiom of Inverse 
for a Differential Equations Assumption 


Notwithstanding the counterexample discovered by Engel in 1884 (p. [19), Lie 
wanted in his systematic treatise to avoid as much as possible employing both the 
axiom of inverse and the axiom of identity. As a result, the first nine fundamental 
chapters of regularly emphasize what can be derived from only the axiom of 
composition. 

In this section, instead of purely local hypotheses valuable in small polydiscs 
(Sect. B.1), we present the semi-global topological hypotheses accurately made by 
Lie and Engel at the very beginning of their book. After a while, they emphasize 


: 3 ax, : 
that the fundamental differential equations 7! = Yi_, Wx; (a) €ji(x"), which can be 
deduced from only the composition axiom, should take place as being the main con- 
tinuous group assumption. A technically central theorem states that if some trans- 
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formation equations x’ = f(x; a) with essential parameters satisfy such kind of dif- 
ferential equations ou = Li) Wej(a) §ji(2’), for x and a running in appropriate 
domains 2 C K" and & C K’, then every transformation x’ = f(x; a) whose pa- 
rameter a lies in a small neighbourhood of some fixed a° € ./ can be obtained 
by firstly performing the initial transformation ¥ = f(x; a°) and then secondly by 
performing a certain transformation: 


x; = exp (tA,X1 +---+1A,X,) (%) (i=1--n) 


of the one-term group (Chap. [4]below) generated by some suitable linear combina- 
tion A,X; +---+A,X; of the n infinitesimal transformations X; := Y?_, €xi(x) x. 
This theorem will be of crucial use when establishing the so-called Second Funda- 
mental Theorem: To any Lie algebra of local analytic vector fields is associated a 
local Lie transformation group containing the identity element (Chap. [9|below). 

Also postponed to Chap. [9] below, Lie’s answer to Engel’s counterexample will 
show that, starting from transformation equations x’ = f(x; a) that are only assumed 
to be closed under composition, one can always catch the identity element and all 
the inverses of transformations near the identity by appropriately changing coordi- 
nates in the parameter space (Theorem 26 p.[I73). 


3.9.1 Specifying Domains of Existence 


Thus, we consider K-analytic transformation equations x; = f;(x; a) defined on a 
more general domain than a product Aj, x Lg of two small polydiscs centered at 
the origin. Here is how Lie and Engel specify their domains of existence on p. 14 
of [1], and these domains might be global. 


§ 2. 


In the transformation equations: 


(1) TOR neano neuen) (i=1--n), 


let now all the parameters a),...,a, be essential. 


Since the f; are analytic functions of their arguments, in the domain [GEBIETE] of all systems 
of values x;,...,X, and in the domain of all systems of values a),...,a,-, we can choose a region 
[BEREICH] (x) and, respectively, a region (a) such that the following holds: 

Firstly. The f;(x, a) are single-valued [EINDEUTIG] functions of the n+r variables x,,...,Xn, 
aj,...,a; in the complete extension [AUSDEHNUNG] of the two regions (x) and (a). 

Secondly. The f;(x, a) behave regularly in the neighbourhood of every system of values 
a Se: ae ay. ee ‘ae hence are expandable in ordinary power series with respect to x; —x?, reas 
Xn — Xp, AS SOON AS X7,... ,x? lies arbitrarily in the domain (x), and a ...,d@° lies arbitrarily in 
the domain (a). 

Thirdly. The functional determinant: 
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ye os Ofn 


Ox, , OXn 


vanishes for no combination of systems of values of x; and of a, in the two domains (x) and (a), 
respectively. 

Fourthly. If one gives to the parameters a, in the equations x; = f;(x, a) any of the values a 
in domain (a), then the equations: 


ol) 0 F 
iy Cee ena cce as) (i=1--n) 
always produce two different systems of values cal eG aly for two different systems of values 
X1,--+,;Xn of the domain (x). 


We assume that the two regions (x) and (a) are chosen in such a way that these four conditions 
are satisfied. If we give to the variables x; in the equations x} = f;(x, a) all possible values in (x) 
and to the parameters a, all possible values in (a), then in their domain, the x; run throughout 
a certain region, which we can denote symbolically by the equation x’ = f((x)(a)). This new 
domain has the following properties: 

Firstly. If a?,...,a® is an arbitrary system of values of (a) and ae Fes ee an arbitrary system 


of values of the subregion x’ = f ((x)(a°)), then in the neighbourhood of the system of values ee, 


é a 2 (0) 0 
ap, the x1,...,X» can be expanded in ordinary power series with respect to x —x,...,.%, —X), » 


2h) Oh poco — Ch 


Secondly. If one gives to the a, fixed values a? in domain (a), then in the equations: 


0 : 
= (Omen ae) (i=1--n), 


the quantities x),...,x, will be single-valued functions of x/,...,x/,, which behave regularly in 
the complete extension of the region x’ = f((x)(a°)). 


Referring also to the excerpt p. we may rephrase these basic assumptions as 
follows. The f;(x; a) are defined for (x, a) belonging to the product: 


xa CK"xR’ 


of two domains 2% C K" and & C K’. These functions are K-analytic in both vari- 
ables, hence expandable in Taylor series at every point (x°,a°). Furthermore, for 
every fixed a°, the map x +> f(x; a®) is assumed to constitute a K-analytic diffeo- 
morphism of 2 x {a°} onto its image. Of course, the inverse map is also locally 
expandable in power series, by virtue of the K-analytic inverse function theorem. 

To insure that the composition of two transformations exists, one requires that 
there exist nonempty subdomains: 


ie ae a and ACA, 
with the property that for every fixed a! € .o/!: 
f(a? xia hve, 


so that for every such an a! € .o/! and for every fixed b € .o/, the composed map: 


50 3 Fundamental Differential Equations for Finite Continuous Transformation Groups 
agl\s 
x-—+ f (f(x; a); b) 


is well defined for all x € 2! and moreover, is a K-analytic diffeomorphism onto 
its image. In fact, it is even K-analytic with respect to all the variables (x,a!,b) in 
2X' x A x of .Lie’s fundamental and unique group composition axiom may then 
be expressed as follows. 


(Al) There exists a K”-valued K-analytic map @ = @(a,b) defined in .o/! x o/! with 
p(@' x of) C & such that: 


f (f(a a); b) = f (x: 9(a,d)) forall xe F1,aEea', be. 


Here are two further specific unmentioned assumptions that Lie presupposes, still 
with the goal of admitting neither the identity element, nor the existence of inverses. 


(A2) There is a K”-valued K-analytic map (a,c) + b = b(a,c) defined for a run- 
ning in a certain (nonempty) subdomain ./” C .o/! and for c running ina certain 
(nonempty) subdomain @7 Cc o/! with b(./? x @) C &! which solves b in 
terms of (a,c) in the equations cy, = @(a,b), namely which satisfies identically: 


c= 9(a, b(a,c)) for all aE WH", cE”. 


Inversely, @(a,b) solves c in terms of (a,b) in the equations b; = b; (a,c), namely 
more precisely: there exists a certain (nonempty) subdomain 3c @* (Cc o#') 
and a certain (nonempty) subdomain 4? Cc @/! with p(@? x B) Cc @ such 
that one has identically: 


b= b(a, 9(a,b)) forall aE H?*, DEB. 


Example. In Engel’s counterexample of the group x’ = 7(A)x with a Riemann 
uniformizing map @ : A > A as on p. [19] having inverse vy : A — A, these three 
requirements are satisfied, and in addition, we claim that one may even take 2 = 
K and ./! = of = A, with no shrinking, for composition happens to hold in fact 
without restriction in this case. Indeed, starting from the general composition: 


x" = X(Az)x! = (Az) x (Ar) x, 


that is to say, from x” = y (Az) %(A1) x, in order to represent it under the specific form 
x" = ¥(A3)x, it is necessary and sufficient to solve 7(A3) = 7(A1) (Az), hence we 
may take for @: 

Ag = @(4(A1)%(A2)) =: P(A1, Aa), 


without shrinking the domains, for the two inequalities |v(A;)| < 1 and |y¥(A2)| < 1 
readily imply that |y(A1)%(Az2)| < 1 too so that @(%(A1)x%(Az)) is defined. On the 
other hand, for solving Az in terms of (A;, 3) in the above equation, we are naturally 


led to define: 
b(A1,A3) := @(x(A3) /x(A1)), 
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and then b = b(A;,A3) is defined under the specific restriction that |y(A3)| < 
Ix(Ar)|- 

However, the axiom (A2) happens to be still incomplete for later use, and one 
should add the following axiom in order to be able to also solve a in c = Q(a,b). 


(A3) There is a K”-valued K-analytic map (b,c) > a = a(b,c) defined in Zt x G* 
with B* c @' and @* Cc o', and with a(B x &*) C g', such that one has 
identically: 

c = 9(a(b,c), b) forall be Bt, ce S". 
Inversely, @(a,b) solves c in the equations ay = ax(b,c), namely more precisely: 
there exist B C B* and M C a#' with p(w x B) C S* such that one has 
identically: 


a=a(b, 9(a,b)) forall aE D>, DEB, 


and furthermore in addition, with a (2 x 6") C &* and with b(./ 5 *) cB 
such that one also has identically: 


b=b(a(b,c), c) forall be B, ce @* 
a =a(b(a,c), a) forall ac &, cE ES. 


The introduction of the numerous (nonempty) domains </, ¢7, «, ZB, FB, 
€*, >, B which appears slightly unnatural and seems to depend upon the order 
in which the solving maps a and b are considered can be avoided by requiring from 
the beginning only that there exist two subdomains </? C &* C o' such that one 
has uniformly: 


c = 9(a, b(a,c)) forall ace >, ce? 
c = ¢(a(b,c), b) forall be &?, cE?” 
b = b(a(b,c), c) forall be &?, cE? 
b= b(a, 9(a,b)) forall ace &>, bE x? 
a =a(b(a,c),c) forall ac &>, cE? 
a=a(b, 9(a,b)) forall ae &, bE @”. 


We will adopt these axioms in the next subsection. Importantly, we would 
like to point out that, although b(a,c) seems to represent the group product 
ce m(i(a), c), the assumption (A2) neither reintroduces inverses, nor the 
identity element, it just means that one may solve b by means of the implicit func- 
tion theorem in the parameter composition equations cz = @x(a1,..-,4;, b1,..-, Dy). 
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3.9.2 Group Composition Axiom And Fundamental Differential Equations 


As was said earlier on, the fundamental Theorem 3, p.B7|about differential equa- 
tions satisfied by a transformation group was in fact stated and proved in [1 under 
semi-global assumptions essentially equivalent to the ones we just formulated above 
with o? C a C o&/', and now, we can restitute it really. 


Proposition 3.4. Under these assumptions, there is an r x r matrix of functions 


I 48 ee ha 3 ; df 
(wej(a)) SS which is K-analytic and invertible in /°, and there are certain 
functions €ji(x), K-analytic in 2 such that the following differential equations: 


a 3a, 4) = Ye Vasa) Fl’) ase ee 


are identically satisfied for all x € 2 | and all a € & after replacing x' by f (x; a). 
Here, the functions &ji(x') are defined by choosing arbitrarily some fixed Dé 
and by setting: 


Ox. fr. Ox. 0aj 
Erba = [554] = [De Sa abe 
iJ b=b° k=1 04k P97} p=10 
and moreover, in the equations inverse to (2): 


x, 


Eji(x’ =) — (x; a), 


the (inverse) coefficients Ojx(a) are defined by: 


x(a) = Ea b= 


Proof. The computations which we have already conducted on p. B30] for a purely 
local transformation group can here be performed in a similar way. In brief, using 
b = b(a,c) from (A2), we consider the identities: 


Fil F(a; 2); b(a,c)) = fis c) (i=1-n) 
and we differentiate them with respect to a,; if we shortly denote f/ = f;(x’;b(a,c)) 
and x = f;(x;a), this gives: 
y Of! Oxy +y Of! db; 
Ox), Jag = Ob; a = 


l<v<n 
1l<i<n 
inverse for all (x’,b) € 2 x &M, so an application of Cramer’s rule yields a resolu- 


By the diffeomorphism assumptions, the matrix (24 (¥ : b)) has a K-analytic 
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tion of the form: 


ra / 
Fan a) = Ely (x, b(a,c)) 


by 

Oa, 
(V=l--n; k=1--r). 

Here of course, a, c € &. Then we replace c by @(a,b), witha, bE & 3° we confer 
to b any fixed value, say bp? (remind that the identity e is not available), and we 
get the desired differential equations with €j;(x’) :-= Sji(2’, b°) and with yx fa) = 
(a, b°). Naturally, the invertibility of the matrix y;;(a) comes from (A2). 
Next, we multiply each equation just obtained (changing indices): 


(2’) Jay a) a ys Paes. Evi ce b(a,c)) 


by (b,c), where / € {1,...,r} is fixed, we consider (b,c), instead of (a,c), as 
the 2r independent variables while a = a(b,c), and we sum with respect to k for 
| aa 

Y Ox’. Oak r r Oak Oby a 

k=l Jax Ob; y=1 k=l Ob; Cag ad 


Now, the chain rule and the fact that da,/0b; is the inverse matrix of Aby/da,x 
enables us to simplify both sides (interchanging members): 


Ox, Oag Ox; 


U 


GB) d Oak Ob) > db; 


es: 


1 


Specializing b := b° € >, we get the announced representation: 
Eji(x’) = Ei (’, b°) = Ox;/Obj|,_49) 


and by identification, we also obtain at the same time the representation @j,(a) = 


Oa;/Ob 


pe 


We end up by observing that, similarly as we did on p. one could proceed to 
some further computations, although it would not really be needed for the proposi- 
tion. We may indeed differentiate the equations: 


Cu = Pu(a(b,c), b) (H=1--r) 


with respect to b;, and for this, we translate a short passage of [I], p. 20. 


Hence one has: 
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r Pu dak | Pu _ 4 (u,1=1--r) 
= ak Ob; Ob; 
whence it comes: 
FHI... 21 I Ae. IO 
cL SS ee ee 
Ob; yoo Or IK\ G1 y+ +25 Gry G15-++59r)- 
Oa, Oar 


When we insert these values in (3), we obtain the equations: 


s Ox, 
ae E1i(x’,b = A a,b ee i=l coop? = AlsoorA))s 
(3’) iil ) d Ik( ams ( ) 


Of course by identification with (3), we must then have A;;,(a, b) = 0a;/0b; here. 
In conclusion, we have presented the complete thought of Lie and Engel, who did 
not necessarily consider the axioms of groups to be strictly local. 


3.9.3 The Differential Equations Assumption 
And Its Consequences 


Now, we would like to emphasize that instead of axioms (A1-2-3), in his answer to 
Engel’s counterexample and in several other places as well, Lie says that he wants 
to set as a fundamental hypothesis the existence of a system of differential equations 
as the one above, with an invertible matrix yx;(a). 


§ 17. ([1], pp. 67-68) 
For the time being, we want to retain from assuming that the equations 
x) = fi(xX1,..-,Xn, G1,---,@,) Should represent an r-term group. Rather, about the 
equations (1), we want only to assume: firstly, that they represent a family of oo” 
different transformations, hence that the r parameters a ,...,q,; are all essential, 
and secondly, that they satisfy differential equations of the specific form (2). 


So renaming the domain /? considered above simply as /!, we will funda- 
mentally assume in Sect. of Chap. [4] that differential equations of the specific 
form (2) hold for all x € 2! and all a € o', forgetting completely about compo- 
sition, and most importantly, without assuming neither the existence of the identity 
element, nor assuming existence of inverse transformations. At first, as explained 
by Engel and Lie, one can easily deduce from such new economical assumptions 
two basic nondegeneracy conditions. 
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Lemma 3.3. Consider transformation equations x’, = f;(x; a) defined for x © 2 and 


a € & having essential parameters a,,...,a,; which satisfy differential equations of 
the form: 

/ r 
(2) 50, (* a)= > Wj (a) §ji(2’) (i=1--ns k=1-n), 

k j=l 


for allx € &' and alla € &'. Then the determinant of the Wi.j(a) does not vanish 
identically and furthermore, the r infinitesimal transformations: 


z a) 
= . / ss c= ]-er 
Xj —_ y CH (x ) ax, (k=1 ) 


are independent of each other. 


Proof. If the determinant of the y.;(a@) would vanish identically, there would ex- 
ist a locally defined (for a running in the locus where yj(a) is of maximal, lo- 
cally constant rank) nonzero K-analytic vector (t(a),...,t;-(a)) in the kernel of 
y.j(a). Consequently, after multiplying (2) by %(a), we would derive the equa- 
tions: Y,_, T%(a) (x, a) = 0 which would then contradict essentiality of parame- 
ters, according to the theorem on p. 

As a result, for any a belonging to open set where det yy, ;(a) 4 0, we can locally 
invert the differential equations (2) and write them down under the form: 


Ex(e’) = ¥ ana) 2030) 

(x)= ) Ayla) =+ (x3 4 (i=1--n; j=1--7). 

" d Oak 

If there would exist constants e/,...,¢/. not all zero with e Xj +--:+e|X/ =0, we 


would then deduce the relation: 


Ox, 


(= Y vase 
Lda eh) a a) 


II 


which would again contradict essentiality of parameters. 


3.9.4 Towards the Theorem 26 


At the end of the next chapter in Sect. we shall be in a position to pursue the 
restoration of further refined propositions towards Lie’s Theorem 26 (translated in 
Chap. [29] p. which will answer fully Engel’s counterexample. In brief, and by 
anticipation, this theorem states what follows. 

Let x; = fi(x; a1,...,@,) be a family of transformation equations which is only 
assumed to be closed under composition, a finite continuous transformation group, 
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in the sense of Lie. According to Proposition above, there exists a system of 
fundamental differential equations of the form: 


= Wij (a ) Gil 2 (i=1---n;k=1--1r) 


which is identically satisfied by the functions fj(x,a), where the yx; are certain 
analytic functions of the parameters (a1,...,a,). If one introduces the r infinitesimal 
transformations: 


Peas Shae) eto 
and if one forms the so-called canonical finite equations: 
x, = exp (AyX] +--+ + AX y) (x) 
=) 9) Aggsias Ap) (i=1---n) 
of the r-term group which is generated by these r infinitesimal transformations — 
see the next Chap. 4] for exp X (x) —then this group contains the identity element, 


namely g(x; 0), and its transformations are ordered as inverses by pairs, namely: 
g(x; —A) = g(x; 4)~!. Lastly, the Theorem 26 in questions states that in these finite 


equations x; = g;(x; A), it is possible to introduce new local parameters @,...,@, in 
place of A;,...,A, so that the resulting transformation equations: 
/ _ = 
= gi (x: Agta \ 3 say Ayla) 
=: Ti Missi Ry Cinta (i=1---n) 


represent a family of co” transformations which embraces, possibly after analytic 
prolongation, all the co” initial transformations: 


1 =F MiGiaiasi@igetaGe: 


In this way, Lie not only answers Engel’s counterexample x’ = 7 (A) x by saying that 
one has to restitute the plain transformations x’ = ¢x by changing appropriately 
coordinates in the parameter space, but also, Lie really establishes the conjecture 
he suspected (quotation p. [18), modulo the fact that the conjecture was not true 
without a suitable change of coordinates in the parameter space. To our knowledge, 
no modern treatise restitutes this theorem of Lie, although a great deal of the first 
170 pages of the Theorie der Transformationsgruppen is devoted to economize the 
axiom of inverse. We end up this chapter by a quotation ((1]], pp. 81-82) motivating 
the introduction of one-term groups exp(tX )(x) in the next chapter. 


References 


3.9.5 Metaphysical Links With Substitution Theory 


We conclude this chapter with a brief quotation motivating what will follow. 


The concepts and the propositions of the theory of the continuous transforma- 
tion groups often have their analogues in the theory of substitutions", that is to 
say, in the theory of the discontinuous groups. In the course of our studies, we 
will not emphasize this analogy every time, but we will more often remember 
it by translating the terminology of the theory of substitutions into the theory of 
transformation groups, and this shall take place as far as possible. 

Here, we want to point out that the one-term groups in the theory of transfor- 
mation groups play the same réle as the groups generated by a single substitution 
in the theory of substitutions. 


In a way, we shall consider the one-term groups, or their infinitesimal transfor- 
mations, as the elements of the r-term group. In the studies about r-term groups, 
it is, almost in all circumstances, advantageous to direct at first the attention to- 
wards the infinitesimal transformations of the concerned group and to choose 
them as the object of study. 
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Chapter 4 
One-Term Groups 
and Ordinary Differential Equations 


abstract ne flow x’ = exp(tX)(x) of a single, arbitrary vector field X = 
bg GO yee 3, With analytic coefficients &;(x) always generates a one-term (local) 
Scaanone transformation group: 


exp (1X (exp(2X)(x))) =exp((i+2)X)(x) and —_[exp(tX)(-)-! = exp(—1X)(-). 


In a neighbourhood of any point at which X does not vanish, an appropriate 
local diffeomorphism x ++ y may straighten X to just oat hence its flow becomes 
yi = 1 +t, 5 =Vaiosua. = Yn- 

In fact, in the analytic category (only), computing a general flow exp(tX) (x) 
amounts to adding the differentiated terms appearing in the formal expansion of 
Lie’s exponential series: 


(1x) 
kl 


(xj) = x7 +tX (xj) +-- oe X(-++(X(X(ai))) Fe, 


k times 


that have been studied extensively by Grébner in [3]. 
Par fas a bracket is introduced by looking at the way how a vector field 
ae: yd Jy, 1S perturbed, to first order, while introducing the new coordinates 
= foe )(x) =: @(x) provided by the flow of another vector field Y: 


p(X) =X" 42 [XY] 4+---, 


with X’= yy, E(x \2 ay and Y’=y?_, n(x’) a denoting the two vector fields in 


the target space x’ having the same coefficients as X and Y. Here, the analytical 
expression of the Lie bracket is: 


) He ie Ogi a oO 
Rr =E (280) Fe) mo) Se) H 


An r-term group x’ = f(x; a) satisfying his fundamental differential equations 
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pa _ ae Wij (a) €ji(x") can, alternatively, be viewed as being generated by its 


infinitesimal transformations X; = Y-"_, xi(x) a in the sense that the totality of the 
transformations x’ = f(x; a) is identical with the totality of all transformations: 


x, = exp (Ay X)+---+ pes (x;) 


= Xj »S i Ski(*) eG Pei x, (oy) + (i=1---n) 
k=1 


obtained as the time-one map of the one-term group exp (x AiX;) (x) generated by 
the general linear combination of the infinitesimal transformations. 


A beautiful idea of analyzing the (diagonal) action x(t)! f (x(#); a) induced 


on r-tuples of points (x), a a”) in general position enables Lie to show that 
for every collection of r linearly independent vector fields X, = Y°"_, Gxi(x) 4, the 
parameters 2;,...,A, in the finite transformation equations x’ = exp (Ai Xytee+ 


A,X;) (x) are all essential. 


4.1 Mechanical and Mental Images 


§ 15. ([2]) 
The concept of infinitesimal transformation and likewise the one of one-term 
group gain a certain graphic nature when one makes use of geometric and 
mechanical images. 
In the infinitesimal transformation: 


Sy ea oapenne)) Ot (i=1---n), 


or in: af 
— L e Ox; 


we interpret the variables x as Cartesian coordinates of an n-times extended 
space. Then the transformation can obviously be interpreted in such a way 
that each point of coordinates x;,...,x, 1s transferred to an infinitesimally 
neighbouring point of coordinates x/,...,x),. So the transformation attaches 
to every point at which not all the &; vanish a certain direction of progress 
[FORTSCHREITUNGSRICHTUNG], and along this direction of progress, a certain in- 
finitely small line [StREcKE]; the direction of progress is determined by the 
proportion: €)(x): &(x): ---: &,(x); the infinitely small line has the length: 


4.1 Mechanical and Mental Images 


67 +--+ ot. If at a point x,,...,x, all the € are zero, then no direction 
of progress is attached to the point by the infinitesimal transformation. 


If we imagine that the whole space is filled with a compressible fluid, then we 
can interpret the infinitesimal transformation X(f) simply as an infinitely small 
movement [BEWEGUNG] of this fluid, and 6¢ as the infinitely small time inter- 
val [ZEITABSCHNITT] during which this movement proceeds. Then evidently, the 
quantities €\(x): ---: &,(x) are the components of the velocity of the fluid par- 
ticle [FLUSSIGKEITSTHEILCHENS] which is located precisely in the point x1,...,Xpn. 


The finite transformations of the one-term group X(f) come into being 
[ENTSTEHEN] by repating infinitely many times [DURCH UNENDLICHMALIGE WIEDER- 
HOLUNG] the infinitesimal transformation He = x; + €; dt. In order to arrive at a 
finite transformation, we must hence imagine that the infinitely small move- 
ment represented by the infinitesimal transformation is repeated during infinitely 
many time intervals 6¢; in other words, we must follow the movement of the fluid 
particle during a finite time interval. To this end, it is necessary to integrate the 
differential equations of this movement, that is to say the simultaneous system: 


/ / 
Eee ee 
hee) En(x’) 
A fluid particle which, for the time ¢ = 0, is located in the point x1,...,x, will, 
after a lapse of time f, reach the point x/,...,x/,; so the integration must be exe- 


cuted in such a way that for t = 0, one has: oe = x;. In reality, we found earlier 
the general form of a finite transformation of our group exactly in this manner. 


The movement of our fluid is one which is a so-called stationary movement, 
because the velocity components dx; /dt are free of t. From this, it follows that in 
one and the same point, the movement is the same at each time, and consequently 
that the whole process of movement always takes the same course, whatever the 
time at which one starts to consider it. The proof that the finite transformations 
produced by the infinitesimal transformation X(f) constitute a group already 
lies fundamentally in this observation. 


If we consider a determined fluid particle, say the one which, for the time t = 0 
is located in the point a sae Aes then we see that it moves on a curve which 
passes through the point ar ...,x9. So the entire space is decomposed only in 
curves of a constitution such that each particle remains on the curve on which it 
is located once. We want to call these curves the integral curves [BAHNCURVEN] 
of the infinitesimal transformation X (f). Obviously, there are co”! such integral 
curves. 

For a given point oe ...,X9, it is easy to display the equations of the integral 
curve passing through it. The integral curve is nothing but the locus of all points 
in which the point ue ...,X9 is transferred, when the co! transformations: 
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t 
X= mit 7 G(x) +o (i=1---n) 
of the one-term group are executed on it. Consequently, the equations: 
jai i own, ’ 
Xx; =X; +7 Sil ita CG) ra (i=1---n) 


represent the integral curve in question, when one considers f as an independent 
variable. 


4.2 Straightening of Flows and the Exponential Formula 


Let x; = fi(x; a) be a one-term local transformation group, with a € K (= R or 
C) a scalar and with the identity e corresponding to the origin 0 € K as usual. Its 
fundamental differential equations (p.B2): 


dx’ 


Fe MOO) Sin) (i=1--n) 


then consist of a complete first order ppE system. But by introducing the new pa- 
rameter: 


f=i(2)s= i. w(a)day, 


we immediately transfer these fundamental differential equations to the time- 
independent system of n ordinary differential equations: 


dee 
(1) Gy Gi Xn) (i=1---n), 


the integration of which amounts to computing the so-called flow of the vector field 
X= Vier Sil) i 

With the same letters f;, we will write fj(x; rf) instead of fj(x; a(t)). Of course, 
the (unique) solution of the system (1) with the initial condition x(x; 0) = x; is 
nothing but x; = f;(x;t): the flow was in fact known from the beginning. Further- 
more, uniqueness of the flow and the fact that the &; are independent of t both imply 
that the group composition property corresponds just to addition of time parameters 
(LU 4)): 

PGies ty); t2) = fi(x; ty +12) (i=1-+n). 


It is classical that one may (locally) straighten X to 


Theorem 4.1. Every one-term continuous transformation group: 
/ . 
XK = fi Mipsecs Ry) (i=1---n) 


satisfying differential equations of the form: 
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df 
SFE fiyfs) (atom 


is locally equivalent, through a suitable change of variables y; = y;(x), to a group 
of translations: 


yp=yitt, sraseysiiacs ; V5 = 9; Yn = Jn 


Fig. 7: Straightening a flow by means of a diffeomorphism 


Proof. We may suppose from the beginning that the coordinates x, ,...,x, had been 
chosen so that €; (0) = 1 and €(0) =--- = &,(0) =0. In an auxiliary space y1,...,yn 
drawn on the left of the figure, we consider all points (0,9) := (0,y2,---,¥n) near 
the origin lying on the coordinate hyperplane which is complementary to the y,- 


axis, and we introduce the diffeomorphism: 


yrox=x(y):= f(0,% v1) =: BO), 


defined by following the flow up to time y; from (0,9); this is indeed a diffeo- 


morphism fixing the origin thanks to $1 (0) = of (Q) =¢;(0) = 1, to 5 (0) = 


Afi (0) = &(0) = 0 and to &,(0,¥) = y;, for k = 2,...,n. Consequently, we get that 
the (wavy) flow represented on the right figure side has been straightened on the left 
side to be just a uniform translation directed by the y;-axis, because by substituting: 


x= f (0,55 y1) = f(0,% 1 +t) = F(F (0,55 y1)5 4) = £052), 


we recover the uniquely defined flow x’ = f(x;t) when assuming that j’ = j and 
/ 
y=. 


Theorem 6. /f a one-term group: 
/ . 
9 nega ree ay | (i=1---n) 


contains the identity transformation, then its transformations are interchange- 
able [VERTAUSCHBAR] one with another and they can be ordered as inverses by 
pairs. Every group of this sort is equivalent to a group of translations: 


Vi = Vig ey a i 
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4.2.1 The Exponential Analytic Flow Formula 


In fact, because we have universally assumed analyticity of all data, the solution 
x’ = x'(x;t) to the ppg system (1) can be sought by expanding the unknown x’ in 
power series with respect to fr: 


x;(x3 t) = y? Hie (x) - = x; +t G(x) +--- (i=1--n). 


k>0 


So, what are the coefficient functions (x)? Differentiating once more and twice 
more (1), we get for instance: 


! Oe dx, 06; 
= -¥ a PERE GERM) Geton 
. ' n (E;) a n ‘Ox(E) 
dp -y° _ dt = 2 OX, ok =A (5 )), 
etc., and hence generally by a straightforward induction: 
dé x, : 
ae =X(--- (X(&)) -++) =X(--- (X (X(x;))) +), 
———” —_—’ 
k—1 times k times 


for every nonnegative integer k, with the convention X°x; = x;. Setting t = 0, we 


therefore get: 
k! Bix (x) = X(---(X(X(xi))) +), 
k times 
Thus rather strikingly, computing a flow boils down in the analytic category to sum- 
ming up differentiated terms. 
Proposition 4.1. The unique solution x'(x; t) to a local analytic system of ordinary 


; . . dx’ bata per et os ; 
differential equations + = &;(x},...,2,) with initial condition x\(x; 0) = x; is pro- 
vided by the power series expansion: 


(2) x05 t) =x; +tX (i) +--+ xe -(X(X(xi))) e+) te Cia, 
——S— =’ 


k times 


k! 


which can also be written, quite adequately, by means of an exponential denotation: 


(2”) m=exp(iX)@)y= (x;) heal 


k>0 
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4.2.2 Action on Functions 


Letting f = f(x1,...,xn) be an arbitrary analytic function, we might compose f 
with the above flow: 


f= Fst) = F151), 2)), 
and we should then expand the result in power series with respect to r: 
1 _ (gl t (df epee 
i= (f Ne + TT Cae +7 Grol ee 
Consequently, we need to compute the differential quotients a, ef, ..., and if we 


SE = E. cag, and XS 


tax? 


iy / - / oF / / | 
=X at Pe a 6 
dr2 L Gj ax’ ( (f )), 
and so on. After setting ¢ = 0, the x; become xj, the f’ becomes f, the X’(f’) becomes 
X(f), and so on, whence we obtain the expansion} 


t 


(3) FO %n) = FOI Xn) + 


k 
X(fJ$ EX (K(f) oe) 


k times 


§ 13. ([2]) 


Amongst the co! transformations of the one-term group (2), those whose pa- 
rameter ¢ has an infinitely small value, say the value 6dr, play an outstanding role. 
We now want to consider more precisely these “infinitely small” or “‘infinitesi- 
mal” transformations of the group. 

If we take into account only the first power of dt, whereas we ignore the 
second and all the higher ones, then we obtain from (2) the desired infinitesimal 
transformation under the form: 


(4) Lee Caleat ye.) ot (i=1--n); 


' Changing ¢ to —f exchanges the réles of x’ = exp(tX)(x) and of x = exp(—tX)(x’), hence we also have: 


k 
X(f)tot (I EXC (KM) ) + 


(3a) F(X13-+-5%n) = Fen) ki 
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on the other hand, if we use the equation (3), we get the last n equations con- 
densed in the single one: 


fi =f+X(f)6t, 


or written in greater length: 
7.0 
Chen ehl= Gien geaee Looe 
) i 


It is convenient to introduce a specific naming for the difference a —x;, that is 
to say, for the expression &; dt. Occasionally, we want to call dr the “increase” 
[Zuwacus], or the “increment” [INCREMENT], or also the “variation” [VARIATION] 
of x;, and write for that: 6x;. Then we can also represent the infinitesimal trans- 
formation under the form: 


Ox] =€j Oba OXn ==, Of. 


Correspondingly, we will call the difference f’ — f, or the expression X (f) dt 
the increase, or the variation of the function f(x1,...,%,,) and we shall write: 


f'—f=X(f) dt = df. 


It stands to reason that the expression, completely alone: 
n Of 
i) = i=— 
(f) L Soe 


already fully determines the infinitesimal transformation 6x; = &; 6t, when one 


understands by f(x;,...,%,) some undetermined function of its arguments. In- 
deed, all the n functions &,...,&, are individually given at the same time with 
X(f). 


This is why we shall introduce the expression X(f) = os as being the symbol 
of the infinitesimal transformation (4), so we will really speak of the “infinites- 
imal transformation X(f)”. However, we want to point out just now that the 
symbol of the infinitesimal transformation (4) is basically determined only up to 
an arbitrary remaining constant factor. In fact, when we multiply the expression 
X(f) by any finite constant c, then the resulting expression cX (f) is also to be 
considered as the symbol of the infinitesimal transformation (4). Indeed, accord- 
ing to the concept of an infinitely small quantity, it makes no difference, when 
we substitute in (4) the infinitely small quantity dt by c dt. 

The introduction of the symbol X(f) for the infinitesimal transformation (4) 
presents many advantages. Firstly, it is very convenient that the n equations 
x, = x; + &; dt of the transformation are replaced by the single expression X (f). 
Secondly, it is convenient that in the symbol X (f), we have to deal with only one 
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series of variables, not with the two series: x1,...,%, and x},...,x),. Lastly and 
thirdly, the symbol X (f) establishes the connection between infinitesimal trans- 
formations and linear partial differential equations; because in the latter theory, 
expressions such as X(f) do indeed play an important role. We shall go into 
more details later about this connection (cf. Chap. 6). 

The preceding developments show that a one-term group with the identity 
transformation always comprises a well determined infinitesimal transformation 
x, = x; + 6; 6t, or briefly X(f). But it is also clear that conversely, the one-term 
group in question is perfectly determined, as soon as one knows its infinitesimal 
transformation. Indeed, the infinitesimal transformation x = x; + 6; dt is, so to 
speak, only another way of writing the simultaneous system (1) from which are 
derived the equations (2) of the one-term group. 

Thus, since every one-term group with the identity transformation is com- 
pletely determined by its infinitesimal transformation, we shall, for the sake of 
convenience, introduce the following way of expressing. 


Every transformation of the one-term group: 


ih =x+- ~ E+ — X(&)+ (i=1---n) 


is obtained by repeating infinitely many times the infinitesimal transformation: 


of . 


Xn 


x,=xjt+ &6t or GE = a Fy. + ona 


Or yet more briefly: 


The one-term group in question is generated by its infinitesimal transforma- 
tions. 


In contrast to the infinitesimal transformation X(f), we call the equations: 


a =xXi+- Seer 


the finite equations of the one-term group in question. 
Now, we may enunciate briefly as follows the connection found earlier be- 
tween the simultaneous system (1) and the one-term group (2’): 


Proposition 1. Every one-term group which contains the identity transformation 
is generated by a well determined infinitesimal transformation. 


And conversely: 


Proposition 2. Every infinitesimal transformation generates a completely deter- 
mined one-term group. 
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4.3 Exponential Change of Coordinates and Lie Bracket 


Let xX = yi4 Gia) a be an infinitesimal transformation which generates the one- 
term group x’ = exp(tX)(x). What happens if the variables x),...,x, are subjected 


to an analytic diffeomorphism yy = @,(x) which transfers naturally X to the vector 
field: 


n 0 n 0 
Y= x) = X = =: geee9 tn) > 
@. ( ) Xu (yy) Oyy L Nv(y1 y Lae 
in the new variables y,,...,y,? 


Proposition 4.4. The new one-term group y' = exp(tY)(y) associated to Y = @,(X) 
can be recovered from the old one x’ = exp(tX )(x) thanks to the formula: 


exp(t¥)(») = 9 (exp(tX)(x))| 149: 


Proof. Since we work in the analytic category, we are allowed to deal with power 
series expansions. Through the introduction of the new variables yy = @,(x), an 
arbitrary function f(x,,...,%n) is transformed to the function F = F'(y) defined by 
the identity: 


f(x) =F (@(2)). 


With x’ = exp(tX )(x) by assumption, we may also define y\, := @y(x’) so that: 
F(y’) y=o(2") = f(x’). 


On the other hand, the Jacobian matrix of @ induces a transformation between vec- 
tor fields; equivalently, this transformation X +> @,(X) =: Y can be defined by the 
requirement that for any function f: 


Y(F)| =X(f). 


y=9(x) 
By a straightforward induction, it follows for any integer k > | that we have: 
k k 
Y(Y(F)) |g) =X (XP), (FY oy) =X CS): 
Consequently, in the expansion (3) of f(x’) = f(exp(tX)(x)) with respect to the 
powers of ft, we may perform replacements: 
7 fe 


y=o() =F) = y aX WV) =). ar Ply=ge: 


k>0 k>0 


Removing the two replacements ly=@(x") and |,_(x), we get an identity in terms of 
the variables y and y’: 
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which, because the function f—and hence F too— was arbitrary, shows that y’ 
must coincide with exp(tY )(y), namely: 


Consequently, after replacing here y’ by @(x’) and y by @(x), we obtain: 
ik 
0 (exp(tX)(2)) = 008) == Ye FYO) yagi) = APO yao 


and this is the same relation between flows as the one stated in the proposition, but 
viewed in the x-space. 


Proposition 3. /f, after the introduction of the new independent variables: 
ee (i=1--n), 
the symbol: 
n Of 
= oy G a 
i=1 O*i 
of the infinitesimal transformation: 
x, =x; +E 6t (i=1--n) 


receives the form: 


A) =} mon. “> Yn )=Y(f), 


then the finite transformations generated by X(f): 

=xXj+ > See aye G (i=1---n) 
are given, in the new variables, the shape: 
12 
ee) 


where the parameter t possesses the same value in both cases. 


Yj aye it —Y(nji)+-:: (i=1--n), 
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4.3.1 Flows as Changes of Coordinates 


Suppose we are given an arbitrary infinitesimal transformations: 


e 7] 
x= i(x) —. 
Y bie) 5 
For later use, we want to know how X transforms through the change of coordinates 
represented by the flow diffeomorphism: 
; t - 
xj = exp(t¥) (xi) =i Mt THY (Mi) + (i=1---n) 


of another infinitesimal transformation: 
n ra 
a (X15 029%) ——- 
L ni( 15 ) i) Ox; 


At least, we would like to control how X transforms modulo second order terms in 
t. By definition, X is transformed to the vector field: 


n A) 
= ‘\— = 
(p(X) = 2 XC) ax!” 


where the expressions X (x;) should still be expressed in terms of the target coordi- 
nates x/,...,x},. Replacing x; by its above expansion and neglecting the second and 
the higher powers of t, we thus get: 


X (xj) =X (xi) +tX(i) +--- ea 


To express the first term of the right-hand side in terms of the target coordinates, 
we begin by inverting x’ = exp(tY)(x), getting x = exp(—rY’)(x’), with of course 
Yay x) x denoting the same field as Y but written in the x/-space, and we 
compute X (x;) as follows: 


X (xi) = Gi(x) = Gi (exp(—7¥’) (x’)) 


= E(x ti @ )y coves ,X, —t Mn(2’)) 
! = Ogi / ! 
=&(x')—1 ) FE) me) + 
l=1 21 
= ,(x’) —1Y'(&i(x')) +--- (i=1--n). 


If we now abbreviate &! := &;(x’) and n/ := n;(x’), because O(t7) is neglected, no 
computation is needed to express the second term in terms of x’: 


tX(ni) =tX' (nj) —--- (i=1--n), 
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and consequently by adding we get: 


X (x) = & +4 (X'(m:) —¥'(G)) + (i=1--n). 


As the n coefficients X’(n/) — Y'(&/), either one recognizes the coefficients of the 
Lie bracket: 


n ra n 0 
= [2 8) FY me) on =¥ (xp -1e)) 5, 
j=l i i=l i 
between X/ := y?_, E(x Vey and ¥" = 34 Ne V2 , or one chooses to define 


once for all the tie Bee in sucha way. In fact, Engel and Lie will mainly intro- 
duce brackets in the context of the Clebsch-Frobenius theorem, Chap. [5] below. At 
present, let us state the gained result in a self-contained manner. 


Lemma 4.1. ((2], p. 141) If in the infinitesimal transformation X = Y"_, &i(x) fe 
of the space x1,...,Xn, one introduces as new variables: 

x, = exp(tY)(x;) =x; +tY (xj) +--- (i=1--n), 
those induced by the one-term group generated by another infinitesimal transforma- 
tion Y = Yi, ni(x) 2 then setting X':=Y"_, &;(x) oe and Y= He) th, 
one obtains a iced vector field: 


p(X) =X! +2 [X,Y] +---, 


with a first order perturbation which is the Lie bracket [X’, rage 


4.4 Essentiality of Multiple Flow Parameters 


At present, we again consider r arbitrary vector fields with analytic coefficients 
defined on a certain, unnamed domain of IK” which contains the origin: 


; a 
Xe = Qe Guilt.) 5 (k=1--r). 


LT 
Though the collection X1,...,X; does not necessarily stem from an r-term group, 
each individual X; nonetheless generates the one-term continuous transformation 
group x’ = exp(tX;)(x) with corresponding infinitesimal transformations x) = x; + 


€ €;;(x); this is the reason why we shall hence sometimes alternatively refer to such 
general vector fields X; as being infinitesimal transformations. 


Definition 4.1. The 7 infinitesimal transformations X1,...,X; will be called inde- 
pendent (of each other) if they are linearly independent, namely if the n equations: 
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0 = e; €1;(x) +--- +e, &i(x) (i=1---n) 
in which e1,...,e, are constants, do imply ej = --- =e, = 0. 


For instance, Theorem 3 on p. states that an r-term continuous local trans- 


formation group x; = f(x; a1,...,a,) whose parameters a, are all essential always 
gives rise to the r infinitesimal transformations X; := oo (46 @) R= lino, WhICh 
are independent of each other. 

Introducing r arbitrary auxiliary constants A,,...,A;, one may consider the one- 


term group generated by the general linear combination: 
C:=A,X14+---+A,X,, 


of X1,...,X;, namely the flow: 


2 


t t 
x} = exp(tC) (xi) =x; + 7 Ci) + 75 C (CCH) +-+: 
Tr. lr X ve 
k 
=x tt VY Agi tt? + XK (Git) + 
x rape ee 
— J 
= Ais ay) (i=1--n). 
If the X;, = ae (x; e) do stem from an r-term continuous group x; = fi(x; a1,...,ar), 
a natural question is then to compare the above integrated finite equations 
hj(x;t,A1,...,A,) to the original transformation equations f;(x; a),...,a,). Before 


studying this question together with Lie and Engel, we focus our attention on a 
subquestion whose proof shows a beautiful, synthetical, geometrical idea: that of 
prolongating the action jointly to finite sets of points. 

At first, without assuming that the X; stem from an r-term continuous group, it is 
to be asked (subquestion) whether the parameters A,,...,A, in the above integrated 
transformation equations x; = hj(x; A,,...,A,) are all essential. In the formula just 
above, we notice that the r+ 1 parameters only appear in the form fA), ..., tA,, 
hence because the A, are arbitrary, there is no restriction to set t = 1. We shall then 
simply write hj(x; 21,...,4,) instead of hj(x; 1,44,...,Ar). 


Theorem 8. /f the r independent infinitesimal transformations: 


n ra) 
X(f) = oy Ge aioe coun) ae (k=1--r) 
i=l Xj 
are independent of each other, and if furthermore 4,,...,A, are arbitrary pa- 


rameters, then the totality of all one-term groups A, X\(f) +---+A,X;(f) forms 
a family of transformations: 
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ie ieee? Reh 
(5) 4=mtyY Gat Y AX (Ej) +0 (i=1--n), 
k=1 kj 1-2 
—_ J 
in which the r parameters A,,...,A, are all essential, hence a family of 2" dif- 


ferent transformations. 


Proof. Here exceptionally, we observed a harmless technical incorrection in Engel- 
Lie’s proof ((2], pp. 62-65) about the link between the generic rank of X)|_,...,X;|. 
and a lower bound for the number of essential parameters. 

However, Lie’s main idea is clever and pertinent: it consists in the introduction 


of exactly r (the number of A;’s) copies of the same space x1,...,X, whose coor- 


dinates are labelled as xt ) aac att ) for yt =1,...,r and to consider the family of 


transformation equations induced by the same transformation equations: 


ae 


xt" =Expic) (x\*"’) = hi(x); Misdeay Ag) (i=1+--n; w=1-~7r) 


on each copy of space, again with t = 1. Geometrically, one thus views how the 
initial transformation equations x) = hj(x; A1,...,A,) act simultaneously on r-tuples 
of points. Written in greater length, these transformations read: 


ji 


P r Lr q ve 
x) = 4) aE) + y . 2x EY) ditee 
(5’) k=l bp 


(i=1---n; W=1--7r), 


where we have of course set: ew) := Exi(x)) and x) =D E(x) 5a" Such 


an idea also reveals to be fruitful in other contexts. 
According to the theorem stated on p. in order to check that the parameters 


A\,.--,A, are essential, one only has to expand x’ in power series with respect to the 
powers of x at the origin: 
i y Ui (A) x% (i=1...n), 
aeN" 


and to show that the generic rank of the infinite coefficient mapping 2 —> 


CAC es is maximal possible equal to r. Correspondingly and immediately, 


we get the expansion of the r-times copied transformation equations: 


> On page 63, it is said that if the number r of the independent infinitesimal transformations X;, is <n, then the 
1<i<n 


r Xn matrix (Ski (x)) of their coefficients is of generic rank equal to r, although this claim is contradicted with 


1<k<r 
n=r=2 by the two vector fields x Z +y 2 and xx Z +xy 2. Nonetheless, the ideas and the arguments of the written 
proof (which does not really needs such a fact) are perfectly correct. 
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J i 
(5”) x = yg (A) (x4 ee 
aeN” 
with, for each u = 1,...,r, the same coefficient functions: 
Wi) (A) = WilA) ee ene 


So the generic rank of the corresponding infinite coefficient matrix, which is just an 


; I<i< , 
r-times copy of the same mapping A —> (%(A)) pee does neither increase nor 
decrease. 

Thus, the parameters A,,...,A, for the transformation equations x’ = h(x; A) are 


essential if and only if they are essential for the diagonal transformation equations 
/ 
x(H) = h(x(); A), fu = 1,...,r, induced on the r-fold copy of the space x,,...,Xn- 


Therefore, we are left with the purpose of showing that the generic rank of the r 
times copy of the infinite coefficient matrix A +> (wi ) (A)) ae SET i equal 
to r. We shall in fact establish more, namely that the rank at A = 0 of this map 


already equals r, or equivalently, that the infinite constant matrix: 


p) 


gyi) l<i<n,aeEN",l<p<r 
a 
( OAx : 


l<k<r 


whose r lines are labelled with respect to partial derivatives, has rank equal to r. 

To prepare this infinite matrix, if we differentiate the expansions (5’) which iden- 
tify to (5”) with respect to A, at A = 0, and if we expand the coefficients of our 
infinitesimal transformations: 


Eq(x\) = a3 Eig, (x4) (i=1...n, k=1...r7; w=1...r) 


aeN” 


with respect to the powers of x1,...,X,, we obtain a more suitable expression of it: 


II 


i, l<i<n, GEN", l<p< 
au) ‘ as SS 1<i<n, aeN" 1<i<n, aeN" 
eke. (Sxice) 1 <per —_ Sta) ier 


=: (J°=(0) J*=(0)). 
As argued up to now, it thus suffices to show that this matrix has rank r. Also, 


we observe that this matrix identifies with the infinite jet matrix J°=(0) of Taylor 
coefficients of the r-fold copy of the same r x n matrix of coefficients of the vector 


fields X;: 
‘ Eui(x) «- Ein(x) 


E(x) --- Em(2) 


1<k<r 


aA) 
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This justifies the symbol J® introduced just above. At present, we can formulate an 
auxiliary lemma which will enable us to conclude. 


Lemma 4.2. Let n > 1, g > 1, m > 1 be integers, let x € KK" and let: 
a11(X) +++ A1m(x) 

A(x) = eee eee sah im ta 
Agi (X) +++ Agm(x) 


be an arbitrary q X m matrix of analytic functions: 


aj;(x) = >, aijax” (i=1...q; j=1...m) 
aeN" 
that are all defined in a fixed neighborhood of the origin in KK", and introduce the 
qg x © constant matrix of Taylor coefficients: 


00 1<j<m,aeEN" 
J A(0) = (dija) jeg 

whose q lines are labelled by the index i. Then the following inequality between 

(generic) ranks holds true: 


rk J°A(0) > genrk A(x). 


Proof. Here, our infinite matrix J°A(0) will be considered as acting by left multi- 
plication on horizontal vectors u = (u1,...,Ug), 0 that uJ*A(O) is an co x | matrix, 
namely an infinite horizontal vector. Similarly, A(x) will act on horizontal vectors 
of analytic functions (u;(x),...,U;(x)). 

Supposing that wu = (uw,...,u,) € K4 is any nonzero vector in the kernel of 
J°A(0), namely: 0 = uJ°A(0), or else in greater length: 


O= uy Aj jg +++: + Ug agja (j=1...m; a@EN"), 


we then immediately deduce, after multiplying each such equation by x and by 
summing up over all a € N”: 


0 = uy a1 ;(x) ++ ++ +g dqj(x) (j=1...m), 


so that the same constant vector u = (u,...,W,) also satisfies 0 = uA(x). It follows 
that the dimension of the kernel of J*A(0) is smaller than or equal to the dimension 
of the kernel of A(x) (at a generic x): this is just equivalent to the above inequality 
between (generic) ranks. 


Now, for each g = 1,2,...,r, we want to apply the lemma with the matrix A(x) 
being the q-fold copy of matrices (Z(x")) --- Z(x()), or equivalently in greater 
length: 
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1 1 2 2 
_ ae EC) aaa (2) tees ED)... E@) 
Aa — say a Oy. oO. a a ‘ 
EU i? EO ie eens ED ... EG 


where we have abbreviated: 


Lemma 4.3. It is a consequence of the fact that X\,X2,...,X; are linearly indepen- 
dent of each other that for every q = 1,2,...,r, one has: 


genrk ((x'")) E(x)... 2(x)) >q. 


Proof. Indeed, for q = 1, it is at first clear that genrk (O(x()) > 1, just because not 
all the &;;(x) vanish identically. 

We next establish by induction that, as long as they remain < r, generic ranks do 
increase of at least one unity at each step: 


genrk (Eq (1)) 21+ genrk (Z, (%:)). 


a fact which will immediately yield the lemma. 

Indeed, if on the contrary, the generic ranks would stabilize, and still be < r, 
then locally in a neighborhood of a generic, fixed < 4, both matrices 241 
and %, would have the same, locally constant rank. Consequently, the solutions 
(0 (X,) --- 0,(X;)) to the (kernel-like) system of linear equations written in matrix 
form: 

O = (01 (Xq) --- O(Xq)) Eq (Xq), 


which are analytic near x thanks to an application of Cramer’s rule and thanks to 


constancy of rank, would be automatically also solutions of the extended system: 


O= (1(%) --- OK) (Sq (K) E@)), 


whence there would exist nonzero solutions (1,..., 0) to the linear dependence 
equations: 
0= (0; eae 0,) & (x(4t)) 


which are constant with respect to the variable x‘{+!), since they only depend upon 


X,. This exactly contradicts the assumption that xe) ee xen 


of each other. 


are independent 


Lastly, we may chain up a series of (in)equalities that are now obvious conse- 
quences of the lemma and of the assertion: 


rank (J°(0) --- J°2(0)) = rank J"Z,(0) > genrk Z,(%,) =r, 
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and since all ranks are anyway < r, we get the promised rank estimation: 


r =rank (J°2(0) ve J°5(0)), 


which finally completes the proof of the theorem. 


In order to keep a memory track of the trick of extending the group action to an 
r-fold product of the base space, we also translate a summarizing proposition which 
is formulated on p. 66 of [2]. 


Proposition 5. /f the r infinitesimal transformations: 


- 2] 
Xe(A) = V, Euler. ..s%0) $2 (k=1...r) 
i=1 Xj 
are independent of each other, if furthermore: 
x) (Geen 


are r different systems of n variables, and if lastly one sets for abbreviation: 


n A) 
KD =D Sula al) oat 


U 


then the r infinitesimal transformations: 


(u) 


in the nr variables x;'’ satisfy no relation of the form: 


+e a(xi?,...,28?, re nen) W.(f) =0. 
k=1 


Also, we remark for later use as in [2], p. 65, that during the proof of the theorem 8 
above, it did not really matter that the equations (5) represented the finite equations 
of a family of one-term groups. In fact, we only considered the terms of first order 
with respect to A,,...,A, in the finite equations (5), and the crucial Lemma[4.3]em- 
phasized during the proof was true under the only assumption that the infinitesimal 
transformations X1,...,X, were mutually independent. Consequently, Theorem 8 
can be somewhat generalized as follows. 
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Proposition 4. [fa family of transformations contains the r arbitrary parameters 


€1,..-,e, and if its equations, when they are expanded with respect to powers of 
€1,---,€,, possess the form: 
if 
/ : 
y=u+y Cn Eui(X1,---,Xn) to (i=1---n), 
k=1 
where the neglected terms in e1,...,e- are of second and of higher order, and 


lastly, if the functions &;;(x) have the property that the r infinitesimal transfor- 
mations made up with them: 


: 7) 
N=2h arn (ore: in) SE (k=1--r) 


are independent of each other, then those transformation equations represent oo" 
different transformations, or what is the same: the r parameters e1,...,@; are 
essential. 


4.5 Generation of an r-Term Group by its One-Term Subgroups 


After these preparations, we may now come back to our question formulated on 
p. how to compare the equations x; = f;(x; a) of a given finite continuous trans- 
formation group to the equations: 


xX, = exp (t Ay Xyt-:: +1t,X;) (xi) 


SHE Mise ply) (i=1...n) 
obtained by integrating the general linear combination of its r infinitesimal trans- 
formations X; = — 5h e)? Sometimes, such equations will be called as in [2] the 


canonical finite equations of the group. 
rage eis A,X, +-::+A,X, as the infinitesimal transformation C := 
a ee ye -, whose coefficients are given by: 


x) = y Aj §ji(x) (i=1...n), 
j=l 


then by definition of the flow x; = exp(tC) (x), the functions h; satisfy the first order 


system of ordinary differential equations oh = €(hi,...,h,), or equivalently: 


(6) =) Aj Eji(hi,---;hn) (i=1...n), 
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with of course the initial condition h(x;0,4) = x at t = 0. On the other hand, ac- 
cording to Theorem 3 on p. we remember that the f; satisfy the fundamental 
differential equations: 


(7) Cal Jisie Sa) = y jx (a (i=1..m j=l...r). 
Proposition 4.8. If the parameters a,,...,a; are the unique solutions a;(t,A) to the 
system of first order ordinary differential equations: 
d a 
= ae (k=1...7) 


with initial condition a(0, A) = e being the identity element, then the following iden- 
tities hold: 


Filxs a(t,A)) = exp (tA, X1 +-+-+tA,X,) (4) = hj(x; t,A1,- “oyhe) 
(i=1...n) 


and they show how the h; are recovered from the fj. 


Proof. Indeed, multiplying the equation (7) by A; and summing over j for j equals 
1 up tor, we get: 


r Of; r r 
2 ss YA Me ap 2 7S Slo <9dn) (i=1...n). 
ka1 9% jal j=l 


Thanks to the aa eal about the az, we can replace the second sum of the left- 
hand side by “4 “a7 which yields identities: 


y Or a ul 
oy soe ats = dA oat Tie <9 dm) (i=1...n) 
eee f= 


in the left hand side of which we recognize just a plain derivation with respect to r: 


df; d " 

a q, fils al a(t,A))| = 2 iG ji(fi,---> fn) (i=1...n). 

But since f(x; a(0,A)) = f(x;e) =x has the same initial condition x at t = 0 
as the solution h(x; t,A) to (6), the uniqueness of solutions to systems of first 
order ordinary differential equations immediately gives the asserted coincidence 


fa a(t,A)) = h(x; t,A). 
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4.6 Applications to the Economy of Axioms 


We now come back to the end of Chap.[B] Sect. where the three standard group 
axioms (composition; identity element; existence of inverses) were superseded by 
the hypothesis of existence of differential equations. We remind that in the proof of 
LemmaB3.3} a relocalization was needed to assure that det y;;(a) # 0. For the sake 
of clarity and of rigor, we will, in the hypotheses, explicitly mention the subdomain 
| © of where the determinant of the y;,;(a) does not vanish. 

The following (apparently technical) theorem which is a mild modification of the 
Theorem 9 on p. 72 of [2], will be used in an essential way by Lie to derive his 
famous three fundamental theorems in Chap. [9]below. 


Theorem 9. Jf, in the transformation equations defined for (x,a) © 2 x @: 


/ 5 
(1) AO ee es Cie ony (i=1--n), 
the r parameters a,,...,@;, are all essential and if in addition, certain differential 
equations of the form: 
Ove ; ; 
(2) aa y Wipers Gp Gti) (i=1--n; k=1---r) 
ak j=l 
are identically satisfied by x, = f\(x:a),...,X) = fn(x;a), where the matrix 


yW.j(a) is holomorphic and invertible in some nonempty subdomain & ie 
and where the functions €;;(x') are holomorphic in 2, then by introducing the 
r infinitesimal transformations: 


ie 7] 
—— Sxi(x) > 
i=l 


it holds true that every transformation x, = f;(x; a) whose parameters a,,...,dy 
lie in a small neighborhood of some fixed a° € &' can be obtained by firstly 
performing the transformation: 


Np= fi inane tas Geena.) (i=1---n), 
and then secondly, by performing a certain transformation: 
x; = exp (tA,X1 +---+1tA,X,) (x) (ee) 


of the one-term group generated by some suitable linear combination of the Xx, 
where t and A,,...,A, are small complex numbers. 
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Especially, this technical statement will be useful later to show that whenever r 
infinitesimal transformations X1,...,X; form a Lie algebra, the composition of two 
transformations of the form x’ = exp (tA,X1 free ta,X;) is again of the same form, 
hence the totality of these transformations truly constitutes a group. 


Proof. The arguments are essentially the same as the ones developed at the end of 
the previous section (p. for a genuinely local continuous transformation group, 
except that the identity parameter e (which does not necessarily exist here) should 
be replaced by a®. 

For the sake of completeness, let us perform the proof. On the first hand, we 
fix a° € o/' and we introduce the solutions ag = a;(t,A1,...,A,) of the following 
system of ordinary differential equations: 


— y? Aj 0 jx (a) (k=1--7r), 
j=l 


with initial condition a;(0,A1,...,A-) = a; where A,..., A; are small complex pa- 
rameters and where, as before, 0j,(a) denotes the inverse matrix of Wjx.(a), which 
is holomorphic in the whole of .%. 

On the second hand, we introduce the local flow: 


exp (tA,X1 = +1,X;) (x) = h(z; t,A) 


of the general linear combination A,X; + --- + A,X; of the r infinitesimal transfor- 
mations X; = Y"_, &xi(x) x, where X is assumed to run in /!. Thus by its very 
definition, this flow integrates the ordinary differential equations: 


=e com igs Lg My ) (i=1--n) 


with the initial condition h(x; 0,2) = 
On the third hand, we solve first the €j; in the fundamental differential equa- 
tions (2) using the inverse matrix a: 


r we ; 
cil I hegssk Sn) = d 4% oft (i=1--n; j=1--r). 


Then we multiply by A;, we sum and we recognize a which we then substitute: 
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LA = Oj (a) 
= 


PS a 
He S|S 
|S Fits 


nae a(t,A))] (<1). 


So the f; (x a(t, i)) satisfy the same differential equations as the h; ie ie A) , and in 
addition, if we set ¥ equal to f(x; a’), both collections of solutions will have the 
same initial value for tf = 0, namely f(x; a”), In conclusion, by observing that the f; 
and the h; satisfy the same equations, the uniqueness property enjoyed by first order 
ordinary differential equations yields the identity: 


fds a(t, i)) = exp (t1 A,X) Se +1,X,) eg a°)) 
expressing that every transformation x’ = f(x; a) for a in a neighbourhood of a® 


appears to be the composition of the fixed transformation ¥ = f(x; a°) followed by 
a certain transformation of the one-term group exp (tA,X) +---+14,X,) (%). 


§ 18. 
We now apply the preceding general developments to the peculiar case where 
the oo” transformations x} = fi(x1,...,%n, @1,---,@r) consitute an r-term group. 


If the equations (1) represent an r-term group, then according to Theorem 3 
p. there always are differential equations of the form (2); so we do not need 
to specially enunciate this requirement. 

aes we pees that all infinitesimal transformations of the form 

Vins ApS iil x)} 3 5, can be linearly expressed by means of the following r 
aaa transformations: 


Kel f) = V, Euilers. 0) SE (k=1--r), 


since all the infinitesimal transformations (9) are contained in the expression: 


Yi eXe(f) 
k=1 


Here, as we have underscored already in the introduction of this chapter, the 
infinitesimal transformations X1(f),...,X,(f) are independent of each other. 

Consequently, we can state the following theorem about arbitrary r-term 
groups: 
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Theorem 10. 7o every r-term group: 
if 6 
SNe tu esac seh went) (i=1---n) 


are associated r independent infinitesimal transformations: 


which stand in the following relationship to the finite transformations of the 
RrOup ih 1 — 0, Cainer ay, ...,@°) is any transformation of the group, then 
every transformation x, = f;(x,a) whose parameter lies in a certain neigh- 


bourhood of Cee. can be obtained by firstly executing the transforma- 


HOM X; = fal Xin 2-5 Xn, Gye ae and secondly a certain transformation x), = 
@j(X1,---,Xn) of a one-term group, the infinitesimal transformation of which has 
the form A,X\(f) +--+ A,X;(f), where A4,...,A, denote certain suitably cho- 


sen constants. 


If we not only know that the equations x; = f;(x,a) represent an r-term group, 
but also that this group contains the identity transformation, and lastly also that 
the parameters a represent a system of values of the identity transformation in 
the domain ((a,)), then we can still say more. Indeed, if we in particular choose 
for the transformation x; = f;(x,a°) the identity transformation, we then realize 
immediately that the transformations of our group are nothing but the transfor- 
mations of those one-term groups that are generated by the infinitesimal trans- 
formations: 


A Xi(f) +--+ Ar X-(f). 


Thus, if for abbreviation we set: 
Does) ea), 
k=1 


then the equations: 


t e 
y= xj +7C(x) +5 C(CHH)) + (i=1---n) 
represent the co” transformations of the group. The fact that the r+ 1 parameters: 
A,,.--,A,,t appear is just fictitious here, for they are indeed only found in the r 


combinations A;t,...,A,t. We can therefore quietly set t equal to 1. In addition, if 
we remember the representation of a one-term group by a single equation given 
in eq; (3) on p: then we realize that the equations of our 7-term group may 
be condensed in the single equation: 
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1 
Pacer) = F(R, 1%n) +P) +5 C(C)) Seas 
That it is possible to order the transformations of the group as inverses in pairs 
thus requires hardly any mention. 
We can briefly state as follows the above result about the r-term groups with 
identity transformation. 


Theorem 11. /f an r-term group: 
= ie ean a (i=1---n) 


contains the identity transformation, then its °' transformations can be orga- 
nized in oo"! families of -! transformations in such a way that each family 
amongst these o'—! families consists of all the transformations of a certain 
one-term group with the identity transformation. In order to find these one-term 
groups, one forms the known equations: 


which are identically satisfied after substituting x, = f;(x,a), one further sets: 


n Of 
Y Sei(x1,..-,%n) =— = X(f) (k=1--r), 
=I OX; 
hence the expression: 
e 
Yi AXe(S) 
k=1 
with the r arbitrary parameters A,,...,A; represents the infinitesimal transfor- 


1 


mations of these 2" * one-term groups, and their finite equations have the form: 


r Lun Q He 
H=xit YA Gulx) + — 


k=1 k,j 


LAE Baer: (i=1-+-n). 


The totality of all these finite transformations is identical with the totality of all 
transformations of the group x. = f;(x,a). Besides, the transformations of this 
group can be ordered as inverses in pairs. 


Sues 
In general, if an r-term group contains all transformations of some one-term 
group and if, in the sense discussed earlier, this one-term group is generated by 
the infinitesimal transformation X (f), then we say that the r-term group contains 
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the infinitesimal transformation X (f). Now, we have just seen that every r-term 
group with the identity transformation can be brought to the form: 


HC pee) — inne gee y AcXx(f) 


k=l 
1 l--r 
Ses Yi AA;Xe(Xi(f)) +e, 
k,j 


where A;,..., A, denote arbitrary constants, while X;(f),...,X,(f) stand for mu- 
tually independent infinitesimal transformations. So we can say that every such 
r-term group contains r independent infinitesimal transformations. 

One is very close to presume that an r-term group cannot contain more than r 
independent infinitesimal transformations. 

In order to clarify this point, we want to consider directly the question of when 
the infinitesimal transformation: 


& 7] 
YO) = YE milton) 5 


is contained in the r-term group with the r independent infinitesimal transforma- 
tions iif oes XT) 


If Y(f) belongs to the r-term group in question, then the same is also true of 
the transformations: 


a ne er eee = 
Xi = Xi y [ee Ni (i=1--n) 


of the one-term group generated by Y(f). Hence if we execute first an arbitrary 
transformation of this one-term group and after an arbitrary transformation: 


1-2 


fatty ety Axt(eL) +. 
k=1 


kj 


of the r-term group, we then must obtain a transformation which also belongs to 
the r-term group. By a calculation, we find that this new transformation has the 
form: 


xf =xit+oni(x) + Yo An Geax) +--- Ce 
k=l 


where all the left out terms are of second and of higher order with re- 
spect to A,,...,A,,7. For arbitrary A,,...,A,,7, this transformation must be- 
long to the r-term group. Now, if the r+ 1 infinitesimal transformations 
Xi(f),---,Xr(f),¥(f) were independent of each other, then according to the 
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Proposition 4 p. the last written equations would represent 0’! transfor- 
mations; but this is impossible, for the r-term group contains in general only 
oo” transformations. Consequently, X;(f),...,X-(f),Y(f) are not independent 
of each other, but since X;(f),...,X-(f) are so, then Y(f) must be linearly de- 
duced from X;(f),...,X-(f), hence have the form: 


= y Xx(f) 
i=l 


where /;,...,/- denote appropriate constants. That is to say, the following holds: 


Proposition 2. /f an r-term group contains the identity transformation, then it 
contains r independent infinitesimal transformations X\(f),...,X;(f) and every 
infinitesimal transformation contained in it possesses the form 2,X\(f) +--+: + 
A,X(f), where A,,...,A, denote constants. 


We even saw above that every infinitesimal transformation of the form 
AiX1(f) +-:-+A,X;-(f) belongs to the group; hence in future, we shall call the 
expression A,X) (f) +---+A,X;(f) with the r arbitrary constants 2;,...,A, the 
general infinitesimal transformation of the r-term group in question. 

From the preceding considerations, it also comes the following certainly spe- 
cial, but nevertheless important: 


Proposition 2. Jf an r-term group contains the m < r mutually independent 


infinitesimal transformations X\(f),...,X;(f), then it also contains every in- 
finitesimal transformation of the following form: A,X\(f) +--+: +AnXm(f), 
where A,,...,Am denote completely arbitrary constants. 


Of course, the researches done so far give the means to determine the infinites- 
imal transformations of an r-term group x; = f;(x, a) with the identity transfor- 
mation. But it is possible to reach the objective more rapidly. 

[et vie identity Se aun of our group go with the parameters: 
Gyy.--4as, and let A .,@° lie in the domain ((a)), so that the determinant 
iy $y; 1(a°) --- W,,(a®) is hence certainly different from zero. Now, we have: 


r ) 
Wij (G1,---,@r) Spl: eee) = 54, fi a), 
=! : 


hence when one sets a; = a: 


Xv a) E;i(x1,...,%n) = sete a| 


a=a? 


We multiply this equation by 2£ L and we sum for i from | to n, which then gives: 
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if A) of 
0 
(a ) Xf) = 5, Jil*, ae ae 
d Wijla ) Xi(f) L At af or (ate) 
Now, since X;(f),...,X,(f) are independent infinitesimal transformations and 


since in addition the determinant of the y;,;(a°) is different from zero, the right- 
hand sides of the latter equations represent r independent infinitesimal transfor- 
mations of our group. 


The following method is even somewhat simpler. 
One sets a, = oe + dt,, where it is understood that 67,,...,6, are infinitely 


small quantities. Then it comes: 


a = fi(xi,-..,%n, ay + Ot,...,a) + St) 
SG 
StL hte a} 


where the left out terms are of second and of higher order with respect to the dt,. 
Here, it is now immediately apparent that our group contains the r infinitesimal 
transformations: 


Oth t-::, 
0 


=a 


x, =xj+ efile) Ott (i=1---n) 
Oak 


a=ao 


(k=1---r) 


However, the question whether these r infinitesimal transformations are indepen- 
dent of each other requires in each individual case yet a specific examination, if 
one does not know from the beginning that the determinant of the y does not 
vanish for ay = Ge 


Example. We consider the general projective group: 
1 x+ ay 
x = ——— 
anx + a3 
of the once-extended manifold. 


The infinitesimal transformations of this group are obtained very easily by 
means of the method shown right now. Indeed, one has ad 0, a 0, ay ie 
hence we have: 


i x+ dt; 


Se on x Ob 
z x6t2+1+ 6f3 Ra ONO eee 


that is to say, our group contains the three mutually independent infinitesimal 
transformations: 
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df df 2df 
Xe = aXe = X — x = et 
The general infinitesimal transformation of our group has the form: 
df 


(Ai + Agx+ Asx") Ae 


hence we obtain its finite transformations by integrating the ordinary differential 
equation: 
dx’ a 
Ay + Anx' + Agx!” 
adding the initial condition: x’ = x for t = 0. 
In order to carry out this integration, we bring the differential equation to the 
form: 


dt, 


dx’ 7 dx’ yy 
xy =O 25 5 ; 
by setting: 
apy _ _ a+B8 ee: 
ey Ar a— B ) eT 
whence: 
- AA AZ —4 A 
Fra ete ae) 
A3 A3 A3 A3 


By integration, we find: 


U(x! — @) I(x’ — B) = yt +(x— a) -I(x—-B), 


or: ; 
er ey ee 
x'—B x—B' 
and now there is absolutely no difficulty to express a, B, yin terms of Ay, Ao, A3, 
in order to receive in this way the oo? transformations of our three-term group 
arranged in co” one-term groups, exactly as is enunciated in Theorem 11. 
Besides, a simple known form of our group is obtained if one keeps the two 
parameters a and fB, while one introduces the new parameter ¥ instead of e””; 
then our group appears under the form: 


References 89 


References 


1. Arnol’d, V.I.: Ordinary differential equations. Translated from the Russian and edited by R.A. Silverman, MIT 
Press, Cambridge, Mass.-London (1978) 

2. Engel, F., Lie, S.: Theorie der Transformationsgruppen. Erster Abschnitt. Unter Mitwirkung von Prof. Dr. 
Friedrich Engel, bearbeitet von Sophus Lie, Verlag und Druck von B.G. Teubner, Leipzig und Berlin, xii+638 pp. 
(1888). Reprinted by Chelsea Publishing Co., New York, N.Y. (1970) 

3. Grébner, W.: Die Lie-Reihen und ihre Anwendungen. Math. Monog. Veb Deutschen Verlag der Wissenschaften 
(1960) 

4. Rao, M.R.M.: Ordinary differential equations, theory and applications. Edward Arnold, London (1981) 


Chapter 5 
Complete Systems of Partial Differential Equations 


Abstract Any infinitesimal transformation X = Y°?_, €i(x) x can be consid- 
ered as the first order analytic partial differential equation X @ = 0 with the un- 
known @. After a relocalization, a renumbering and a rescaling, one may supp- 
pose &,(x) = 1. Then the general solution @ happens to be any (local, analytic) 
function Q(@),...,@n—1) of the (n—1) functionally independent solutions de- 
fined by the formula: 


Cx (x) := exp (—xnX) (xx) (k=1--n-1). 


What about first order systems X|@ = --- = X,@ = 0 of such differential equa- 
tions? Any solution @ trivially satisfies also X;(X;(@)) — X;(Xi(@)) = 0. But 
it appears that the subtraction in the Jacobi commutator X;(X;(-)) — X¢(Xi(-)) 
kills all the second-order differentiation terms, so that one may freely add such 
supplementary first-order differential equations to the original system, contin- 
uing again and again, until the system, still denoted by X}@ = --- = X,@ = 0, 
becomes complete in the sense of Clebsch, namely satisfies, locally in a neigh- 
borhood of a generic point x°: 

(i) for all indices i,k = 1,...,q, there are appropriate functions Yjx,, (x) so that 


Xi (Xe(f)) — Xe (Xi F)) = Hier (2) Xi (fF) +++ + Niteg (x) Xq(P): 
(ii) the rank of the vector space generated by the g vectors Xj 


sees Me leis 


constant equal to g for all x near the central point x°. 


Under these assumptions, it is shown in this chapter that there are n — q func- 


tionally independent solutions x), He oh of the system that are analytic near 


Xg such that any other solution is a suitable function of these n — q fundamental 
solutions. 
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First Order Scalar Partial Differential Equation 


As a prologue, we ask what are the general solutions @ of a first order partial 
differential equation X @ = 0 naturally associated to a local analytic vector field 

= es) x. Free relocalization being always allowed in the theory of 
Lie, we may assume, after possibly renumbering the variables, that &, does not 
vanish in a small neighborhood of some point at which we center the origin of 
the coordinates. Dividing then by &,,(x), it is equivalent to seek functions @ that 
are annihilated by the differential operator: 


=t ce) C) 
En(x) a "8x, 
still denoted by X and which now satisfies X (x,) = 1. We recall that the corre- 


sponding system of ordinary differential equations which defines curves that are 
everywhere tangent to X, namely the system: 


dxy = E1 (x(t) dx,-1 = Gri x(t) dxn(t) = 
dt &n(x(t))0 1) 


with initial condition for t = 0 being an arbitrary point of the hyperplane {x, = 


O}: 


x1(0) =X] j--.-- ete) = Xn—-15 x7, 0) =( 


is solvable and has a unique vectorial solution (x1,...,X,—1, Xn) which is analytic 
in a neighborhood of the origin. In fact, x,(t) =t by an obvious integration, and 
the (n — 1) other x;,(t) are given by the marvelous exponential formula already 
shown on p. 


t 
x;(t) — erp xia) = aD aX (x) (k=1---n-1). 
I>0 °° 
We then set ¢ := —x, in this formula (minus sign will be crucial) and we define 


the (n — 1) functions that are relevant to us: 


Oj (Ges, Mn) = Xe an) — ex =X) (3) 


Proposition 5.1. The (n—1) so defined functions @,...,@,—, are functionally 
independent solutions of the partial differential equation X @ = 0 with the rank 

i<kanl os ae 
of their Jacobian matrix eS ) en ey being equal to n—| at the origin. Fur- 


thermore, for every other solution @ of X@ = 0, there exists a local analytic 
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function Q = Q (a auatat n—1) defined in a neighborhood of the origin in ke 
such that: 
co(x) = Q(@)(x),...,@,—1(x)). 


Proof. Indeed, when applying X to the above series defining the @, we see that 
all terms do cancel out, just thanks to an application Leibniz’ formula developed 
in the form: 


CEA] aC OC Cena), 


Next, the assertion that the map x +> (@)(x),...,@,—1(x)) has rank n—1 is 
clear, for @(x1,...,X%n—1,0) =x, by construction. Finally, after straightening X 
(ox = a in some new coordinates (x/,...,x),) thanks to the theorem on p.[62] 
the general solution @/(x’) to X'@/ = 0 happens trivially to just be any function 


Ui fodl / _— / / = / 
Q (ee) of x, — W),---5%),_] — Oe 


Chapter 5. 
The Complete Systems. 


We assume that the theory of the integration of an individual first order linear 
partial differential equation: 


n a 
x(n=y¥ Bitte tn) SE =0, 


i=1 
or of the equivalent simultaneous system of ordinary differential equations: 


2 
é1 cas 


is known; nonetheless, as an introduction, we compile without demonstration a few 
related propositions. Based on these propositions, we shall very briefly derive the 
theory of the integration of simultaneous linear partial differential equations of the 
first order. In the next chapter, we shall place in a new light [IN EIN NEUES LICHT 
SETZEN] this theory due in the main whole to Jacosi and to CLeBscu, by explaining 
more closely the connection between the concepts [BEGRIFFEN] of “linear partial 
differential equation” and of “infinitesimal transformation’, a connection that we 
have already mentioned earlier (Chap. [4] p. 67). 


21. 


One can suppose that &),...,6, behave regularly in the neighborhood of a deter- 
minate system of values roe ...,x9, and as well that &, ia ...,X°) is different from 
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zero. Under these assumptions, one can determine x,,...,X,_1 aS analytic functions 
of x, in such a way that by sustitution of these functions, the simultaneous system: 


dx; = o1 dx,-1 = Cant 
dXxn Ca “ dxn Ch 


is identically satisfied, and that in addition x,,...,x,—; for x, = x take certain pre- 
scribed initial values [ANFANGSWERTHE] X/,,...,X/,_,. These initial values have to be 
interpreted as the integration constants. 

The equations which, in the concerned way, represent x, ,...,X,—1 as functions of 


Xy are called the complete integral equations of the simultaneous system; they can 
receive the form: 


0 0 
xp =x, +(2 — Xn) Be (x4 = pony Xp —In_1589 —An) 


(k=1--n—-1), 


where the °8; denote ordinary power series in their arguments. By inversing the 


relation between x,...,Xn—1,%n and x},...,x/,_,,x8, one again obtains the integral 
equations, resolved with respect to only the initial values x/,...,x)_ |: 


x, =x + On — xP) By (x1 = xT, 0+. Xn — XP) = Wei geet) 
(k=1--n—-1). 


Here, the functions @, are the so-called integral functions of the simultaneous sys- 
tem, since the differentials of these functions: 


a OW, 
da, = ——— dx; k=1--n-1 
on L Im ( ) 


all vanish identically by virtue of the simultaneous system, and every function of 
this sort is called an integral function of the simultaneous system. But every such 
integral function is at the same time a solution of the linear partial differential equa- 
tion X(f) = 0, whence @),...,@,—; are solutions of X(f) = 0, and in fact, they 
are obviously independent. In a certain neighborhood of ce ...,X9 these solutions 


behave regularly; in addition, they reduce for x, = x to X1,...,X,—1 respectively; 

that is why they are called the general solutions of the equation X (f) = 0 relative to 
0 

=; 


If one knows altogether n — | independent solutions: 


Wi (Xinsiaghal Scheie Wynd xcs syn) 


of the equation X(f) = 0, then the most general solution of it has the form 
Q(W,---;Wn-1), where Q denotes an arbitrary analytic function of its arguments. 


§ 22. 
If a function W(x1,...,X,) satisfies the two equations: 
Xi(f)=0, = Xa(f) =0, 


then it naturally also satisfies the two differential equations of second order: 


X (X2(f)) =0, Xp (Xi(f)) =0, 


and in consequence of that, also the equation: 


X1 (X2(f)) —X2(Xi(f)) =0, 


which is obtained by subtraction from the last two written ones. 
If now one lets: 


X(f) = 3 CH iyscnakel a (k=1,2), 


then it comes: 


X\(Xa(f)) — X2(Xi(f =) {X1(Eo;) —X2(E1:) } a 


because all terms which contain second order differential quotients are cancelled. 
Thus, the following holds: 


Proposition 1. [f a function W(x,...,%n) satisfies the two differential equations of 
first order: 


=— =0 (k=1,2), 


then it also satisfies the equation: 
n Of 
X1(Xo(f)) —X2(Xi(f)) = Y {X1 (G21) —Xo(Exs) } can 0, 
i=l i 
which, likewise, is of first order. 


It is of great importance to know how the expression Xj (X2(f)) — X2(Xi(f)) 
behaves when, in place of x1,...,x,, new independent variables y;,...,y, are intro- 
duced. 


We agree that by introduction of the y, it arises: 


se 
= YX yi) =) Nil Yi5+++5Yn 5 =Y¥,(f) 


(k=1,2). 
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Since f denotes here a completely arbitrary function of x1,...,x,, we can substitute 
X1(f) or X2(f) in place of f, so we have: 


X1 (X2(f)) = Yi (X2(f)) = Yi (¥2(f)) 
X(Xi(f)) =%) (Mi (f)) =hH(N()), 


and consequently: 


Xi (%2(f)) —X2(Xi(f)) =N (H(S)) —h(U(P)). 
Thus we have the 


Proposition 2. /f, by the introduction of a new independent variable, the expres- 
sions X\(f) and X2(f) are transferred to Y\(f) and respectively to Y2(f), then the 
expression X\(X2(f)) —X2(Xi(f)) is transferred to Y; (Yo(f)) — Y2 (Yi (f)). 


This property of the expression X1 (X2( ‘a )) — Xp (X1 (f )) will be frequently used 
in the course of our study. The same proposition can be stated more briefly: the 
expression X (Xo( f )) — X) (Xi (f )) behaves invariantly through the introduction of 
a new variable. 


We now consider the g equations: 
(1) MG) HOt Aq(f) = 9, 


and we ask about its possible joint solutions. 
It is thinkable that between the expressions X;(f), there are relations of the form: 


(2) : Me (X1,---5%n) Xe(f) = 0. 


If this would be the case, then certain amongst our equations would be a conse- 
quence of the remaining ones, and they could easily be left out while taking for 
granted the solution of the stated problem. Therefore it is completely legitimate to 
make the assumption that there are no relations of the form (2), hence that the equa- 
tions (1) are solvable with respect to the g of the differential quotients — It is to be 
understood in this sense, when we refer to the equations (1) as independent of each 
other||. 

According to what has been said above about the two equations X;(f) = 0 and 
X(f) = 0, it is clear that the possible joint solutions of our g equations do also 
satisfy all equations of the form: 


Xi(X(f)) —Xx(Xi(f)) = 0. 
And now, two cases can occur. 


| This is a typical place where a relocalization is in general required in order to insure that the vectors X; he saat x, |. 
are locally linearly independent, and the authors, as usual, understand it mentally. 
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Firstly, the equations obtained this way can be a consequence of the former, when 
for every i and k < q, a relation of the following form: 


Xi(Xe(f)) —Xe(Xi(f)) = 
= Pies Mig eng an) Ai) ) 9 Niky tyes Xn) XG lJ) 


holds. With CLEBscu, we then say that the q independent equations X\(f) =0,..., 
X,(f) = 0 form a q-term complete system [q-GLIEDRIG VOLLSTANDIG SYSTEM]. 

However, in general the second possible case will occur; amongst the new formed 
equations: 


Xi (Xk(f)) — Xe (Xi(f)) =, 


will be found a certain number which are independent of each other, and from the g 
presented ones. We add them, say: 


Xg+i(f) = 0, Sain ete Xgis(f) =0 


to the qg initial ones and we now treat the obtained g+ s equations exactly as the 
q ones given earlier. So we continue; but since we cannot come to more than n 
equations X;(f) = 0 that are independent of each other, we must finally reach a 
complete system which consists of n or less independent equations. Therefore we 
have the proposition: 


Proposition 3. The determination of the joint solutions of q given linear partial 
differential equations of first order X\(f) =0,...,Xq(f) =0 can always be reduced, 
by differentiation and elimination, to the integration of a complete system. 


We now assume that X1(f) = 0,..., X,(f) = 0 form a q-term complete system. 
Obviously, these equations may be replaced by g other ones: 


= 2 wl XI, ++ Xn) Xj(f) =0 (k=1--g). 


In the process, it is only required that the determinant of the y;,; does not vanish 
identically, whence the X;(f) can also be expressed linearly in terms of the Y;(f). 
Visibly, relations of the form: 


(3) Y;(Ye(f)) — =) ix; ( X1,- oii (f) 


then hold true; so the equations Y;(f) = 0 too do form a g-term complete system 
and hence are totally equivalent to the equations X;(f) = 0. 
As it has been pointed out for the first time by CLEBscH, some yy; are always 
available for which all the @,; vanish. In order to attain this in the simplest way, we 
select with A. Mayer the yx; so that the ¥,(f) = 0 appear to be resolved with respect 
— of 


to q of the differential quotients, for instance with respect to a are 
n—q 
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7 nw 3 : (k=1--q). 


—_ qtk i=1 


(4) ¥(f) = 


Then the expressions ¥i(%(f)) —Y; (Yi(f)) will all be free of oS seas of and 
Xn—q n 
consequently they can have the form )’; jx; ¥;(f) only if all the @; vanish. Thus: 


Proposition 4. [f one solves a q-term complete system: 
MF) = Oycdeces Ag f) =0 


with respect to q of the differential quotients, then the resulting equations: 


(4) Y(f) = oe a +y fee - (k=1--q) 
stand pairwise in the relationships: 
(5) ¥i(Ye(f)) —Ye(Vi(f)) = 0 (i,k=1--g). 


§ 23. 


We now imagine that a given g-term complete system is brought to the above- 
mentioned form: 


0 n—q 5 
ui +E mst = 


OXn—g+k qtk i=1 


(4) yf) = 0 (k=1---q). 


It will be shown that this system possesses n — qg independent solutions, for the 
determination of which it suffices to integrate qg individual linear partial differential 
equations one after the other. 

At first, we integrate the differential equation: 


Y(t = E+E eal = 0; 


amongst its n — 1 independent solutions x}, .. the following g — 1, namely: 


ae oe 
/ / 
Xn—q+l = Xn—q+l gcgariss Se Xy-1 = Xn-1 


are known at once. If the n — 1 expressions x/,...,x/,_; together with the quantity x, 
which is independent of them, are introduced as new variables, then our complete 
system receives the form: 
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a 
-0, ¥%(fy=—fe + mss =0 


/ 
n—q+1 i=l Ox 
(k=1--q-1). 


_ of 
 OXn 


Now, since the expressions Y; (Y¢(f)) — Ye (¥i(f)) behave invariantly through the in- 
troduction of new variables (cf. Proposition 2 of this chapter), they must now again 
also vanish, from which it follows that all 7/, must be functions of only x},...,2/,_1, 
and be free of x,. The initial problem of integration is therefore reduced to finding 
out the joint solutions of the g — | equations: 


/ Of Of 
¥(f) = Ox! =e Ni (X nt) Bh = =0 


n—qtk  i=1 
(k=1--g-1), 


and in fact these equations, which depend upon only n — | independent variables, 
namely xj,...,x),;, do stand again pairwise in the relationships: Y/(¥{(f)) — 
¥(¥{(f)) =0. 

We formulate this result in the following way. 


Proposition 5. The joint solutions of the equations of a q-term complete system inn 
variables can also be defined as the joint solutions of the equations of a (q—1)-term 
complete system in n—1 variables. In order to be able to set up this new complete 
system, one only has to integrate a single linear partial differential equation of first 
order in (n—q +1) variables. 


The new complete system again appears in resolved form; we can hence at once 
continue our above-mentioned process and by applying it (g — 1) times, we obtain 
the following: 


Proposition 6. The joint solutions of the equations of a q-term complete system inn 
variables can also be defined as the solutions of a single linear partial differential 
equation of first order in n— q+ 1 variables. In order to be able to set up this 
equation, it suffices to integrate q — 1 individual equations of this sort one after the 
other. 


From this it follows easily: 


Proposition 7. A g-term complete system in n independent variables always pos- 
sesses n— gq independent solutions. 


But conversely, the following also holds: 


Proposition 8. [fg independent linear partial differential equations of first order in 
n independent variables: 
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have exactly n— q independent solutions in common, then they form a q-term com- 
plete system. 


For the proof, we remark that according to what precedes, the equations: 


Xi(f) =0,......,X,(f) =0 


determine a complete system with g or more terms; now, if this complete system 
would contain more than g independent equations, then it would possess not n — q, 
but only a smaller number of independent solutions; under the assumptions of the 
proposition, it is therefore g-term, that is to say, it is constituted by the equations 
X\(f) =0,..., X¢(f) = 0 themselves. 

If n — q independent functions @,...,@j,—g Of x1,...,Xn are presented, then one 
always can set up g independent linear partial differential equations which are iden- 
tically satisfied by all w. Indeed, if we take for granted that the determinant: 


yee Ore 


Dal Olig 


does not vanish identically, which we can achieve without restriction, then the q 
equations: 


OF nas OF of 

Ox, OXn—q OXp—g-+k 

00 nee 0M OM 

Ox, OXn—g Ohi 4k = O (k= 1 “q) 
IWn—q IWn—q POn—q 

Oxy OXn—q OXp—g-+k 


are differential equations of that kind; because after the substitution f = @;, they go 
to an identity, and because they are independent of each other, as shows their form. 
According to the last proposition, these equations form a g-term complete system. 
Thus: 


Proposition 9. [fn —q independent functions of n variables x1, ...,Xy are presented, 
then there always exists a determinate q-term complete system in X1,...,Xy of which 
these functions constitute a system of solutions. 


24. 


However, for our goal, it does not suffice to have proved the existence of the so- 
lutions to a complete system, it is on the contrary rather necessary to deal more 
closely with the analytic properties of these solutions. 

On this purpose, we shall assume that in the presented q-term complete system: 


¥,(f) = y nna SE = (k=1--4), 


eon gtk j=] 


the analytic functions n;; behave regularly in the neighborhood of: 
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xy =: =x, = 0. 


As quantities x},...,x, 


n—1» We how choose amongst the solutions of the equation: 


7] 
5L+Y a5 = 


the formerly defined general solutions of this equation, relative to x, = 0. 

We know that these general solutions x/,...,x/,_, are ordinary power series with 
respect to x1,...,X, in a certain neighborhood of x; = --- = x, = 0, and that for 
Xn = 0, they reduce to x),...,x,—1 respectively. The solutions already mentioned 
above: 

gil = Xn—g+lyeeeees ae = Xn-1 
are therefore general solutions. 

Conversely, according to the observations in § 21, x1,...,X,—1 are also analytic 
functions of x},...,x/,_,,%n and they behave regularly in the neighborhood of the 
system of values x) =--- Xp | =%Xn = 0. Now, since in the new complete system 
Y/(f) = 0, the coefficients Ni behave pepulatly as functions of x1,...,Xn, they will 
also be ordinary power series with respect to x},...,X),_),% ina iin neighbor- 
hood of x = 0,...,x/,_, =0, x =, and in fact they will be, as we know, free of 
Xn- 

Next, we determine the general solutions of the equation: 


Of + dn 7] i 
ox. = Ma-1.i Ox, 
relative to x),_; =0. These solutions, that we may call x/,...,x/’_5, behave regularly 
as functions of x},...,x),_, in the nteiboreod of x, =-:-=x!,_, =0and are hence 
also regular in the nersABOEROO! of x} =--- =x, =0, as functions of x1,...,x,. After 
the substitution x/,_, = 0, the functions x/,...,x!”_, reduce to x},...,x/,_5, whence 
they reduce to x1,...,X,—2 after the substitution x,_; = x, = 0. The coefficients 
of the next (g — 2)-term complete system are naturally ordinary power series in 
5 ee dee 


After iterating g times these considerations, we obtain at the end n — qg indepen- 


dent solutions: x), a xf) 1) of our complete system. These are ordinary power se- 


ries with respect to the x4 =) in a certain neighborhood of x4 Yas fg =0, 


and just in the same way also, series with respect to the x; in a certain neighbor- 


hood of x; = --- =x, = 0. For eee = 0, the x, biks a) q reduce respectively to 
x), xd 1 )) and hence to X15 +--,Xn—g for X»-g41 = --- =X, = 0. Therefore one 
has: a) 

a = x3 +B; (x1,-.--,%n) (i=1--n—q), 


where the ‘8; all vanish for x, 941 = ++: =X, = 0. 
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We call the solutions x) wkd ag of our complete system its general solutions 


relative to X,_g41 =0, ...,X, =0 
We may state the gained result in a somewhat more general form by introducing 
a general system of values: a ...,x9 in place of the special one: 


xX) SH Xp Ho = x, = 0. 


Then we can say: 


Theorem 12. Every q-term complete system: 


Of oi Of 
= Ni ( aa Xn) = =0 (k=1---q) 
Oar gtk L _ OX; 
whose coefficients Ny; behave regularly in the neighborhood of x; = i, sey ae 
possesses n—q independent solutions x? x) q) g which behave regularly in 
a certain neighborhood of x; = oe w+, Xp, = X9 and which in addition reduce to 
X1,+++;Xn—g respectively after the substitution Xp—g41 = ae ine MS x, 


The main theorem of the theory of complete systems has not been stated in this 
precise version, neither by Jacosi, nor by CLeBscu. Nevertheless, this theorem is 
implicitly contained in the known studies due to CAUCHY, WEIERSTRASS, BRIOT and 
BOUQUET, KOWALEVSKyY and DArRBoux and which treat the question of existence of 
solutions to given differential equations. 


25. 


The theory of a single linear partial differential equation: 


X(f)= . Bim) SE =0 


i=1 


stands, as already said, in the closest connection with the theory of the simultaneous 


system: 
dx 2, dxn 


gi a , 
Moreover, something completely analogous takes place also for systems of linear 
partial differential equationg| 
Consider g independent linear partial differential equations of first order which, 
though, need not constitute a complete system. For the sake of simplicity, we imag- 
ine that the equations are solved with respect to q of the differential quotients: 


OQ hi n—-q OQ f 
(4’) X%(f) = Die = y Nil X1,- In) 5 =0 (k=1---q). 

Xn—q+k j=] x 

+ This connection has been explained in detail for the first time by BOOLE. Cf. also A. MAYER about unrestricted 
integrable differential equations, Math. Ann. Vol. V. 
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If @(x1,...,Xn) is a general solution of these equations, then it holds: 
do ‘—. do 
> = > (k=1--q), 
Oxn—g-+k d ue OX; 
whence: 


q 
doa= 2 sof ani d muidn-qvr. 


Consequently, the differential d@ vanishes identically by virtue of the n — q total 
differential equations: 


q 
(6) dx;— )) i dXp-gik =0 (i=1--n—q). 
k=l 


But one calls every function of this nature an integral function of this system of total 
differential equations. Thus we can say: 


Every joint solution of the q linear partial differential equations (4 ) is an integral 
function of the system of n—q total differential equations (6). 

But conversely also, every integral function of the system (6) is a joint solution of 
the equations (4). 


Indeed, if w(x1,...,Xn) is an integral function of (6), then the expression: 
webs OW 
Ox 
vanishes identically by virtue of (6), that it is to say, one has: 


n—q Ow 


q 
d ak +y ki J ay has gtk = = 0, 


i=1 


and from this it is evident that w satisfies the equations (4) identically. 

But now, the integration of the system (6) is synonymous to the finding [AUFFIND- 
uNG] of all its integral functions; for, what does it mean to integrate the system (6)? 
Nothing else, as is known, but to determine all possible functions Pj,...,Pn—g of 
X1,.-.,;X, which make the expression: 


nq 
y Pi pecegte) {en > xi I Xp saa} 
i=1 


to become a complete differential, hence to be the differential of an integral func- 
tion. 
In other words: 
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The integration of the system (4°) of q linear partial differential equations is 
accomplished if one integrates the system of the n—q total differential equations (6), 
and conversely. 


This connection between the two systems (4’) and (6) naturally presupposes that 
they (respectively) possess integral functions; however, there still exists a certain 
connection also when there are no joint solutions to (4’), and hence too, no integral 
functions for (6). That will be considered on another occasion (Chap. 6, p.[{116). 

Since the equations (4’) have at most n — q independent solution in common, 
the system (6) has at most n— q integral functions. If it possess precisely n — q 
such independent solutions, the system (6) is called unrestrictedly integrable 
[UNBESCHRANKT INTEGRABEL]; SO this case occurs only when the g equations (4’) 
form a q-term complete system. 

We suppose that the system (6) is unrestrictedly integrable, or what is the same, 
that all the expressions Y;(Y;(f)) — Y;(Y%(f)) vanish identically. Furthermore, we 
imagine that the n — g general solutions: 


il Mismre Maloney Og Tien 
of the complete system (4’) relative to: 
Xn—q+l => tt oo Xn = ro 
are determined. Then the equations: 
Oi (X15 ecg Mn) = iy sey Diag 1 y0cg8n) = Gia 


with the n — q arbitrary constants a),...,@n,—g are called the complete integral equa- 
tions of the system (6). These integral equations are obviously solvable with respect 
tO X1,...,Xn—q, for @),...,@,—g reduce to x),...,Xn—g (respectively) for: 


0 0 
Xn—q+l = Xn—g+ > see Xn = Xp 


Hence we obtain: 
xj = HWE FA gs ++>Xn,@],--- nc) (i=1---n—@). 


One can easily see that the equations (6) become identities after the substitution 
X1 = Wi,---,Xn—g = Wn—q. Indeed, we at first have: 


i= Wel tng, oeeyXn, M1,---, Oey) =0 (i=1--n—q)3 


so if we introduce x; — yj; in place of f in Y;,(f), we naturally again obtain an iden- 
tically vanishing expression, and since all Y,(@1),..., ¥x(@,—g) are identically zero, 
it comes: 
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7] 
Heiss ie ,Xn) = Ving -++)Xn, M1,---, ©n—q) =0 
Xn—gq+k 
If we here make the substitution x} = W,..., Xn—g = Wn—q, it comes: 
2] 
Ni (Wi, +++) Wn—qs Xn—g+1)--+ aa) eae Wi(Sn—gH1; so yXny 
Xn—gqt+k 


Bigs aceney) = 0. 


We multiply this by dx,_,+;%, we sum with respect to k from | to q and we then 
realize that the expression: 


q 
dxj— )1 Mei (*1,---1¥n) Ange 
j=1 


does effectively vanish identically after the substitution xj = W,...,Xn—g = Wn—q: 
If we yet add that, from the equations @; = a;, we can always determine the a; so 
that the variables x),...,xn—g take prescribed initial values X1,...,X,—g for X,»~g+1 = 
Lai ..., Xn = x9, then we can say: 

If the system of total differential equations (6) is unrestrictedly integrable, then 
it is always possible to determine analytic functions x,,...,Xn—q Of Xn—q4+15+++5Xn 
in such a way that the system (6) is identically satisfied and that x,,...,Xn—gq take 
prescribed initial values for Xn—g41 = apd eee x, 


26. 


For reasons of convenience, we introduce a few abbreviations useful in the future. 
Firstly, the parentheses around the f in X(f) shall from now on be frequently left 
out. 
Further, since expressions of the form X (Y(f)) —Y(X(f)) shall occur always 
more frequently [IMMER HAUFIGER], we want to write: 


X(Y(f)) -Y(X(f)) =XYf -YXf = [X,Y]; 


also, we shall not rarely employ the following language [REDEWEISE BEDIENEN]: the 
expression, or the infinitesimal transformation [x sake | arises as the “composition” 
[ZUSAMMENSETZUNG], or the “combination” [ComBINATION], of X f and Y f. 

Yet the following observation may also find its position at this place: 

Between any three expressions X f, Y f,Zf there always exists the following iden- 
tity: 


(7) [[X,¥],Z] +[[¥,Z], xX] + [[Z, x], vy] =0. 
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This identity is a special case of the so-called Jacobi identity, which we shall get to 
know later. Here, we want to content ourselves with verifying the correctness of the 
special identity (7); later at the concerned place (cf. Volume 2), we shall enter into 
the sense of the Jacobi identity. 

One has obviously: 


[[X,¥],Z] =XYZf-—YXZf—ZXYf+ZYXf; 


if one permutes here circulary Xf,Yf,Zf and then sums the three obtained re- 
lations, one gets rid of all the terms in the right-hand side, and one receives the 
identity pointed out above. 

This special Jacobi identity turns out to be extremely important in all the re- 
searches on transformation groups. 


The above simple verification of the special Jacobi identity could be given for the first time by 
ENGEL. 


Chapter 6 
New Interpretation of the Solutions of a Complete System 


If, in the developments of the preceding chapter, we interpret the expression X (f) 
as the symbol of an infinitesimal transformation, or what is the same, as the symbol 
of a one-term group, then all what has been said receives a new sense. If on the other 
hand, we interpret the variables x;,...,x, as point coordinates [PUNKTCOORDINATEN] 
in a space of n dimensions, the results obtained at that time also receive a certain 
graphic nature [ANSCHAULICHKEIT]. 

The goal of the present chapter is to present these two aspects in details and then 
to put them in association; but for that, the introduction of various new concepts 
turns out to be necessaryti} 


27. 
Let a, = fi(x1,...,Xn) be a transformation in the variables x;,...,x, and let 
@(x1,...,Xn) be an arbitrary function; now, if by chance this function is constituted 


in such a way that the relation: 


P(fi(x),.--, fn(x)) = D471 53+5%n) 


holds identically, then we say: the function ®(x,...,x,) admits [GESTATTET] the 
transformation x = fi(x1,.-.-,Xn), or: it allows [zuLAsst] this transformation; we 
also express ourselves as follows: the function ®(x,,...,X,) remains invariant 
through the mentioned transformation, it behaves as an invariant with respect to 
this transformation. 


Ifa function ®(x1,...,x,) admits all the oo” transformations x; = fi(x1,.--,Xn, @1,--- 


of an r-term group, we say that it remains invariant by this group, and that it admits 
this group; at the same time, we call ® an absolute invariant, or briefly an invariant 
of the group. 

Here, we restrict ourselves to one-term groups. So consider a on-term group: 


+ The formations of concepts [BEGRIFFSBILDUNGEN] presented in this chapter have been developed by Lie in 
the Memoirs of the Scientific Society of Christiania 1872, 1873, 1874 and 19 february 1875. Cf. also Math. Ann. Vols. 
VII, LX and XI. 
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: 7] 
N=hs (1, sota) se. 


the finite transformations of which have the form: 
12 


xj =x+7 + X(E) + : (i=1--n). 
We ask for all invariants of this group. 
If B(x1,...,X,) is such an invariant, then for every ft, the equation: 
P(x +tEi+---, fase Xn ttE +--+) = O(x1,...,%n) 


must hold identically. If we expand here the left-hand side in a series of powers of t 
according to the general formula (7) in Chap.[4] p.[65] then we obtain the condition: 


t2 


t 
P(x1,-..,%n) +7 X(P) +5 


X (X(@)) +--- = B(x1,...,Xn) 


for every t. From this, it immediately follows that the expression X (®) must vanish 
identically, if @ admits our one-term group; as a result, we thus have a necessary 
criterion for the invariance of the function ®@ by the one-term group X (f). 

As we have seen earlier (cf. p.[66), the expression X (®) determines the increase 
[Zuwacus] that the function & undergoes by the infinitesimal transformation X (f). 
Now, since this increase 6@ = X(@) 6dr vanishes together with X (®), it is natural to 
introduce the following language: when the expression X(®) vanishes identically, 
we say that the function ® admits the infinitesimal transformation X (f). 

Thus, our result above can also be enunciated as follows: 


For a function ® of x,,...,Xn to admit all transformations of the one-term group 
X (f), itis a necessary condition that it admits the infinitesimal transformation X (f) 
of the concerned group. 


But it is easy to see that this necessary condition is at the same time sufficient. 
Indeed, together with X(®), all the expressions X (X(®)), X (X (X(®))), etc. also 
vanish identically, and consequently, the equation: 


D(x 5-54) = P(A. 5tn) + LX (D) +> 
reduces to ®(x’) = (x) for every value of t, hence with that, it is proved that the 
function ®(x) admits all transformations of the one-term group X (f). Now, since 
the functions ®(x1,...,x,) for which the expression X(®) vanishes identically are 
nothing but the solutions of the linear partial differential equation X(f) = 0, we 
therefore can state the following theorem. 


Theorem 13. The solutions of the linear partial differential equation: 
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n of 
= 2 & Xs Pe ae 0 


are invariant by the one-term group X(f), and in fact, they are the only invariants 
by X(f). 


Of course, it should not be forgotten that the invariants of the one-term group 
X(f) are also at the same time the invariants of any one-term group of the form: 


: 7] 
Pirin. ->Xn di ie cee -)Xn) SF = px(f), 


whichever p can be as a function of its arguments. 

This simply follows from the fact that one can multiply by any arbitrary func- 
tion p of x1,...,X, the equation X(f) = 0 which defines the invariants in question. 
We can also express this fact as follows: if a function of x;,...,x, admits the in- 
finitesimal transformation X (f), then at the same time, it admits every infinitesimal 
transformation P(x1,...,%,)X(f). 

One sees that the two concepts of one-term group X (f) and of infinitesimal trans- 
formation X(f) are more special [sPECIELLER] than the concept of linear partial dif- 
ferential equation X (f) = 0. 

On the basis of our developments mentioned above, we can now express 
in the following way our former observation that the joint solutions of two 
equations X;(f) = 0 and X;(f) = 0 simultaneously satisfy the third equation 


Xi(Xk(f)) —Xe(Xi(f)) = 0. 


Proposition 1. /f a function of x1,...,X, admits the two infinitesimal transforma- 
tions X;(f) and X;(f) in these variables, then it also admits the infinitesimal trans- 


formation X; (X:(f)) —X;, (AGF): 
Expressed differently: 


Proposition 2. If a function of x1,...,Xn admits the two one-term groups X;(f) and 
X;(f), then it also admits the one-term group Xi(X(f)) —X¢(Xi(f))- 


If Wjf,..., Wr—g 18 a System of independent solutions of the g-term complete sys- 
tem X;(f) =0,...,Xq(f) =0, then Q(yW,...,Wp—g) is the general form of a so- 
lution of this complete system, whence Q(W,...,Wn—q) generally admits every 
infinitesimal transformation of the shape: 


(1) Vi Wiese) A) a te) 


whatever functions ¥1,...,%, one can choose. It is even clear that aside from 
the ones written just now, there are no infinitesimal transformations by which all 
functions of the form Q(yW,...,Wn—,) remain invariant; for we know that the 
q-term complete system X;(f) =0,..., X(f) =0 is characterized by its solutions 


Wi,---, Wn-g- 
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Naturally, the functions Q also admit all finite transformations of the one-term 
group (1). Besides, one can indicate all finite transformations through which all 
functions Q(yW,...,Wr—g) remain simultaneously invariant. The form of these 
transformations obviously is: 


Wie(x},---5x,) ad WiANijcc<y hq) (k=1--n—q) 
SLi ygesng ys Mignysshn) =0 (J=1@), 


where the £1; are subjected to the condition that really a transformation arises. More- 
over, the x), and the x; as well must stay inside a certain region. 
We want to say that the system of equations: 


Wi Piste ty) =U, 4.5 Ty Aina) = 0 
admits the transformation x, = f;(x1,...,%n) when the system of equations: 
T0025 8y) S Oy on ay Top avrg) =U 
is equivalent to ™(x) =0,..., %n(x) = 0 after the substitution x, = fi(x1,...,%n), 
hence when every system of values x,,...,X, Which satisfies the m equations 


Ty (x) = 0 also satisfies the m equations: 


TC Fi) gona Fl 2) =O; v0 Toy Fi A yontg tral) =0 


With the introduction of this definition, it is not even necessary to assume that the 
m equations 7; = 0,..., %m = 0 are independent of each other, though this assump- 
tion will always be done in the sequel, unless the contrary is expressly admitted. 
From what precedes, it now comes immediately the 


Proposition 3. Jf W,W2,...,Wn (m <n-—q) are arbitrary solutions of the q-term 
complete system X\(f) =0,...,Xq(f) = 0 in the n independent variables x,,...,Xn 
and if furthermore a,,...,@m are arbitrarily chosen constants, then the system of 
equation: 

Wi =aq,..., Wn =m 


admits any one-term group of the form: 


q 
y Paeaee sgl) AED) 
k=1 


where it is understood that X1,...,%q are arbitrary functions of their arguments. 
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In the previous paragraph, we have shown in a new light the theory of the integration 
of linear partial differential equations, in such a way that we brought to connection 
the infinitesimal transformations and the one-term groups. At present, we want to 
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take another route, we want to attempt to make accessible the clear, illustrated con- 
ception of this theory of integration (and of what is linked with it), by means of 
manifold considerations [MANNIGFALTIGKEITSBETRACHTUNGEN]. 

If we interpret x1,...,x, as coordinates in an n-times extended space R,, then the 
simultaneous system: 


dx; dX, 
61 Gn 
receives a certain illustrative sense; namely it attaches to each point x1,...,x, of the 


R, acertain direction [RICHTUNG]. 

The integral equations of the simultaneous system determine n — 1 of the vari- 
ables x1,...,X,, hence for instance x1,...,X,—1, aS functions of the n-th: x, and of 
the initial values X;,...,X,; consequently, after a definite choice of initial values, 
these integral equations represent a determinate once-extended manifold which we 
call an integral curve of the simultaneous system. Every such integral curve comes 
into contact [BERUHRT], in each one of its points, with the direction attached to the 
point. 

There is in total -”~! different integral curves of the simultaneous system, and 
in fact, through every point of the R,, there passes in general one integral curve. 

If W,.-.,W,-1 are independent integral functions of the simultaneous system, 
then all the integral curves are also represented by means of the n — 1 equations: 


Wie(1,--+,%n) = Cy (k=1--n—1), 
with the n — 1 arbitrary constants C),...,C,_,. If one sets an arbitrary integral func- 
tion Q(W,..-,Wr—1) to be equal to an arbitrary constant: 


Q(W,,.--;Wr-1) =A, 


then one gets the equation of oo! (n — 1)-times extended manifolds, which are en- 
tirely constituted of integral curves and in fact, every such manifold is constituted 
of co”? different integral manifolds. Lastly, if one sets in general m <n — 1 inde- 
pendent integral functions Q),...,Qm to be equal to arbitrary constants: 


Qu(Wi, ++) Wn-1) =Ap (u=1---m), 


then one obtains the analytic expression of a family of 0” (n — m)-times extended 
manifolds, each one of which consists of oo”! integral curves. 

The integral functions of our simultaneous system are at the same time the solu- 
tions of the linear partial differential equations: 


n P) 
y Eilers. 580) $2 =Xi(7) = 0. 
i=l i 


Occasionally, we also call the integral curves of the simultaneous system the 
characteristics of the linear partial differential equation X(f) = 0, if we take up 
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again a terminology introduced by Monce for n = 3. Using this way of expressing, 
we can also say: every solution of the linear partial differential equation X(f) = 
0 represents, when it is set equal to a constant, a family of co! manifolds which 
consists of co”~? characteristics of X(f) = 0. 

Now, we imagine that we are given two linear partial differential equations, say 
X1(f) =0 and X2(f) = 0. 

It is possible that the two equations have characteristics in common. This case 
happens when there is an identity of the form: 


Wi (Mig aees My) AVS) PH yay My) Xf) =O, 


without 7%; and 7 both vanishing. Then obviously every solution of X;(f) = 0 
satisfies also X2(f) = 0 and conversely. 

If the two equations X;(f) = 0 and X2(f) =0 have distinct characteristics, then 
they do not have all their solutions in common; then the question is whether they 
in general possess solutions in common, or, as we can now express: whether the 
characteristics of X;(f) = 0 can be gathered as manifolds which consist of charac- 
teristics of X2(f) = 0. 

This question can be answered directly when one knows the characteristics of the 
two equations X;(f) = 0 and X2(f) = 0; however, we do not want to halt here. In 
the sequel, we shall restrict ourselves to expressing in the language of the theory of 
manifolds [MANNIGFALTIGKEITSLEHRE] the former results which have been deduced 
by means of the analytic method [DURCH ANALYTISCHE METHODEN]. 

Let the g mutually independent equations: 


Xi(f) =0,..., X,(f) =0 


form a q-term complete system; let W,..., W,—, be independent solution of it. Then 
the equations: 


Wil Xisetes te) =C, ayececs Weg Miya ha) =Ch—q 


with the n — qg arbitrary constants C, represent a family of oo” 4% q-times extended 
manifolds, each one of which consists of 00%—! characteristics of each individual 
equation amongst the g equations X)(f) = 0,...,X(f) = 0. We call these oo”~4 
manifolds the characteristic manifolds of the complete system. 

If one sets any n — g — m independent functions of YW, ..., Wn—g equal to arbitrary 
constants: 


Q1(M,. +) Wn—q) =A\,.. a) Qn—q—m(W- : > Wn—q) = An—q—m, 


then one gets the analytic expression of a family of «0”~4~-” (q+ m)-times extended 
manifolds, amongst which each individual one consists of co” characteristic mani- 
folds. 
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The equations of the oo”? characteristic manifolds show that every point of the 
R,, belongs to one and to only one characteristic manifold. Consequently, we can say 
that the whole R, is decomposed [ZERLEGT] in 004 g-times extended manifolds, 
hence that our complete system defines a decomposition [ZERLEGUNG] of the space. 

Conversely, every decomposition of the R, in co” 4 g-times extended manifolds: 


Di iyenighy) SAtgaics Drag iyo) = Aneg 


can be defined by means of a q-term complete system; for @),..., @,—¢ necessarily 
are independent functions, whence according to Proposition 9, p. there is a q- 
term complete system the most general solutions of which is an arbitrary function 
of Q,...,Pn—g; this complete system then defines the decomposition in question. 

An individual linear partial differential equation X (f) = 0 attaches to every point 
of the R, a certain direction. If one has several such equations, for instance the 
following ones, which can be chosen in a completely arbitrary way: 


= 7] 
Xi(A) = Y, Gules...) SE =0 (k=1-+q), 


i=l 


then each one of these equations associates to every point of the space a direction 
of progress [FORTSCHREITUNGSRICHTUNG]. For instance, the g directions associated 
to the point x?,...,x? are determined by: 


On 50x, 2389 Ox =Car) Go) toy") 


(k=1--q). 


We call these g directions in the chosen point independent of each other if none of it 
can be linearly deduced from the remaining ones, that is to say: if it is not possible 
to indicate g numbers Aj,...,A, which do not all vanish although the n equations: 


Met te HAGE (i=1---n) 


are satisfied. 

From this, it follows that the g equations X;(f) = 0,...,X_(f) = 0 associate to 
every point in general position q independent directions when they are themselves 
mutually independent, thus when the equation: 


Ms 


Ve isin hn Ae) =.) 


k=1 


can be identically satisfied only for 7; = 0, ..., X%, = 0. 

If one wants to visualize geometrically what should be understood by “indepen- 
dent directions”, one should best start in ordinary, thrice-extended space R3; for it 
is then really obvious. In a point of the R3 one calls two directions independent of 
each other when they are generally distinct; three directions are independent when 
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they do not fall in a same plane passing through the point; there is in general no 
more than three mutually independent directions in a point of the R3. 

Accordingly, g directions in a point of the R, are independent of each other if 
and only if, when collected together, they are not contained in any smooth manifold 
through this point which has less than g dimensions. 

Every possible common solution of the g equations: 


Xi(f) =0,..., X,(f) =0 


also satisfies all equations of the form: 


q 
(2) Ys my 27) = 0. 
i 


The totality of all these equations associates a whole family of directions 
to any point of the R,. If we assume from the beginning that the equations 
Xi(f) =0,...,X_(f) = 0 are mutually independent, we do not restrict the gener- 
ality of the investigation; thus through the equations (2), we are given a family of 
oof! different directions which are attached to each point x;,...,X,. One easily 
realizes that these oo7~! directions in every point form a smooth bundle, and hence 
determine a smooth q-times extended manifold passing through this point, namely 
the smallest smooth manifold through the point which contains the g independent 
directions of the g equations X)(f) =0,...,X,(f) = 0. 
Every possible joint solution of the equations: 


Xi(f) =0,..., X4(f) =0 


satisfies also all equations of the form: 


Xx(Xj(f)) —Xj(Xe(f)) =0. 


These equations also do attach to any point x;,...,x, certain directions, but in 
general, the directions in question shall only exceptionally belong to the above- 
mentioned bundle of oo%! directions at the point x1,...,Xp. It is only in one case 
that at each point of the space, the directions attached to all equations: 


X;(Xj(f)) —Xj(X(f)) = 0 


belong to the bundle in question, namely only if for every k and j there exists a 
relation of the form: 


Xe(X;(f)) —X(Xe(f)) = y digs (tig. ou RG); 


that is to say, when the equations X\(f) = 0, ..., X;(f) = 0 do coincidentally form 
a q-term complete system. — 


We can also define by the equations: 


OX} 206+: OXn = y a(x) Sea (x) 2 oo: y ix) Sin (x) 


k=1 
(k=1--q) 
the bundle of directions which is determined at every point x;,...,x, by the 
equations X; f = 0,..., X,f = 0. By eliminating from this the arbitrary functions 


X1,+++,Xq, Or, what is the same, by setting equal to zero all the determinants in 
q+ 1 columns of the matrix: 


dx, dx2-- dx, 


E11 E12 _ Sin 

Eql on) _ Can 
we obtain a system of n — g independent total differential equations. This system at- 
taches to every point x;,...,%, exactly the same smooth bundle of «7—! directions 


as did the equations (2). It follows conversely that the totality of the linear par- 
tial differential equations (2) is also completely determined by the system of total 
differential equations just introduced. 

The formulas become particularly convenient when one replaces the g equations 
Xi(f) =0, ..., X4(f) = 0 by q other equations which are resolved with respect to q 


of the differential quotients of for instance by the following g equations: 
Of n—q of 


OXn—grk +2 Mei(M1s ---%n) FE =) (k=1-+q). 


¥.(f) = 
The totality of all the equations (2) is equivalent to the totality of all the equations: 
q 
pm: K(X] pee %, n) Ye (f) = 0; 


hence the directions which are attached to the point x;,...,x, are also represented 
by the equations: 


x, +++! dXy—g : dXy—g41 2+ dX = 
q q 
=) oa: ee >» Rete 21 st aq: 
k=1 k=1 
If we therefore eliminate ¥),...,% 7, we obtain the following system of total differ- 


ential equations: 
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q 
(3) dxi— VY) ma(x) dxn—g+e = 0 (i=1--n—q). 
= 


We have already seen in the preceding chapter, from p. up to p. that 
there is a connection between the system of the linear partial differential equations 
Yi(f) =0, ..., ¥,(f) = 0 and the above system of total differential equations. But 
at that time, we limited ourselves to the special case where the g equations: 


Vi(f) =0,..., ¥(f) =0 


possess solutions in common, and we showed that the determination of these joint 
solutions amounts to the integration of the above total differential equations. 

However, in the developments carried out just now, the integrability of the 
concerned system of differential equations is out of the question. With that, 
the connection between the system of the linear partial differential equations 
Yi(f) = 0,..., ¥(f) = 0 and the system of the total differential equations (3) is 
completely independent of the integrability of these two systems; this connection 
is just based on the fact that the two systems attach a single and the same smooth 
bundle of c7~! directions. 

To conclude, we still make the following remark which seems most certainly 
obvious, but nevertheless has to be done: if the g equations X; f = 0,..., X,f =0 
constitute a g-term complete system, then at each point x1,...,xn, the characteristic 
manifold of the complete system comes into contact with the oo%—! directions that 
all equations of the form (2) attach to this point. 


29. 


Lastly, it is advisable to combine the manifold-type considerations [MANNIG- 
FALTIGKEITSBETRACHTUNGEN] Of the previous paragraph with the developments of 
§ 27. But before, we still pursue a bit the manifold considerations. 

Every transformation x; = fj(x1,...,%n) can be interpreted as an operation which 
exchanges [VERTAUSCHT] the points of the R,, as it transfers each point x,,...,X, in 
the new position x, = fi(x),..-, x}, = fn(x) (Chap.[] p.[i). 

A system of m independent equations: 


Di scp SO neg Malian SO 


represents a (nm — m)-times extended manifold of the R,. We say that this 
manifold admits the transformation x, = fj(x1,...,X,) if the system of equa- 
tions Q; = 0,..., Qn = 0 admits this transformation. According to § 27 it is 
the case when every system of values x,,...,x, Which satisfies the equations 
Q4(x) =0,..., Qn(x) = O satisfies at the same time the equations: 


Oi iG) oa) =O Oy iG jaca ta) =—0 


Hence we can also express ourselves as follows: 
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The manifold: 
OMe te SO dig Ml ie) =O 


admits the transformation: 


/ i. 
i =I Ripe srt oere A = I ia) 
if every point x,,...,Xy, of the manifold is transferred by this transformation to a 
point x',,...,x), which likewise belongs to the manifold. 


In Chapter 3, p. [60] sq., we have seen that through every point x,,...,X, in gen- 
eral position of R, there passes an integral curve [BAHNCURVE] of the infinitesimal 
transformation: 

Of 


Af) = y SiH -+-1%n) 5 


There, we defined this integral curve as the totality of all the positions that the point 
X1,...,X, can take by means of all the oo! transformations of the one-term group 
X (f); besides, the point x;,...,x, on the integral curve in question could be chosen 
completely arbitrarily. From this, it results that, through every transformation of 
the one-term group X(f), every point x),...,x, stays on the integral curve passing 
through it, whence every integral curve of the infinitesimal transformation X (f) 
remains invariant by the «! transformations of the one-term group X(f). The same 
naturally holds true for every manifold which consists of integral curves. 

But the integral curves of the infinitesimal transformation X (f) are nothing else 
than the integral curves of the simultaneous system: 


a 


hence from this it again follows that the above-mentioned characteristics of the 
linear partial differential equation X (f) = 0 coincide with the integral curves of the 
infinitesimal transformation X (f). 

Earlier on (Chap. [4] p.[60), we have emphasized that an infinitesimal transforma- 
tion X f attaches to every point x;,...,X, in general position a certain direction of 
progress, namely the one with which comes into contact the integral curve passing 
through. Obviously this direction of progress coincides with the direction that the 
equation X f associates to the point in question. 

Several, say g, infinitesimal transformations: 


dx _ dXn 


n of 
Xef = Ye Ski(X1 5 +n) (k=1--q) 
=I Ox; 
determine gq different directions of progress at each point x),...,x, in general posi- 


tion; in accordance with what precedes, we call these directions of progress indepen- 
dent of each other if the equations X; f = 0, ..., X,f = 0 are mutually independent. 
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From this, it follows immediately that the q infinitesimal transformations 
Xf,...,Xqf attach precisely h < q independent directions of progress when all the 
(h+1) x (A+ 1) determinants of the matrix: 


11 _ Ci 
CA es Cai 


vanish identically, without all its h x h determinants doing so. — 
What we have in addition to say here can be summarized as a statement. 


Proposition 4. Jf q infinitesimal transformations X\f,...,Xqf of the n-times 
extended space X,,...,Xn are constituted in such a way that the q equations 
X,f =0,...,Xqgf = 0 are independent of each other, then X\f,...,Xqf attach to 
every point X1,...,Xn in general position q independent directions of progress; 
moreover, if the equations Xf = 0, ...,Xqf =0 form a q-term complete system, 
then X\f,...,Xqf determine a decomposition of the space in "4 q-times ex- 
tended manifolds, the characteristic manifolds of the complete system. Each one 
of these manifolds comes into contact in each of its points with the directions that 
X\f,...,Xqf associate to the point; each such manifold can be engendered by the 
cof! integral curves of an arbitrary infinitesimal transformation of the form: 


Paneaee vagy) Mag Ae ee Ne ly eighty) Kat 


where it is understood that X),...,X%q are arbitrary functions of their arguments; 
lastly, each one of the discussed manifolds admits all the transformations of any 
one-term group: 

Wi Af He Hg Xof- 


Chapter 7 
Determination of All Systems of Equations 
Which Admit Given Infinitesimal Transformations 


At first, we shall define what should mean the phrase that the system of equations: 
£25 (Rye canAy) —Oyency Qype Gp» .25m%) = 9 


admits the infinitesimal transformation X(f). Afterwards, we shall settle the ex- 
tremely important problem of determining all systems of equations which admit 
given infinitesimal transformationg|l. 

But beforehand, we still want to observe the following: 

We naturally consider only such system of equations: 


OQ; =0)..:5 Qn =0 


that are really satisfied by certain systems of values x;,...,x,; at the same time, 
we always restrict ourselves to systems of values x1,...,x, in the neighbourhood of 
which the functions Q1,...,Qn—m behave regularly. In addition, we want once for 
all agree on the following: unless the contrary is expressly allowed, every system of 
equations Q; = 0, ..., Qy—m = 0 which we consider should be constituted in such 
a way that not all (n — m) x (n—m) determinants of the matrix: 


OQ) | AQ, 
Ox] OXn 
(1) > ee 
OQn—m ane OQn—m 
xX] OXn 
vanish by means of Q; = 0, ..., Qu—-m = 0. It is permitted to make this assumption, 


since a system of equations which does not possess the demanded property can 
always be brought to a form in which it satisfies the stated requirement. 
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In the variables x,,...,X,, let an infinitesimal transformation: 


+ Cf. Lie, Scientific Society of Christiania 1872-74, as also Math. Ann. Vol. XI, Vol. XXIV, pp. 542-544. 
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” ) 
xf=)) Ei(xiy sa) SE 
i=l 7 


be given. In the studies which relate to such an infinitesimal transformation, we shall 
always restrict ourselves to systems of values for which the &; behave regularly. 
If a system of equations Q; = 0, ..., Qy—-m = 0 admits all finite transformations: 


xj =xj teXxjt-- (i=1--n) 
of the one-term group X f, then the system of equations: 


OQA(x FeXx +e, wise Xn +eXXy +--+) =0 
(k=1---n—m), 


or, what is the same, the system: 
Q+eXQ.+---=0 (k=1--n—m) 
must be equivalent to the system of equations: 
£2) 0) ces S2p- ye =O 


for all values of e. To this end it is obviously necessary that all XQ; vanish for the 
system of values of Q) = 0,..., Qu-m = 0, hence that the increment XQ, 6r that 
Q; undergoes by the infinitesimal transformation x} = x; + €;6t, vanishes by means 
OE =O) couy Ap ye =O, 

These considerations conduct us to set up the following definition: 


A system of equations: 
OF GGsesigta) = 0, wee (Pa =0 


admits the infinitesimal transformation X f as soon as all the n—m expressions X Q, 
vanish by mean i! of the system of equations. 


Then on the basis of this definition, the following obviously holds: 


Proposition 1. /f a system of equations admits all transformations of the one-term 
group X f, then in any case, it must admit the infinitesimal transformation X f. 


In addition, we immediately realize that a system of equations which admits the 
infinitesimal transformation X f allows at the same time every infinitesimal transfor- 
mation of the form %(x1,.-.,Xn)X f, provided of course that the function x behaves 
regularly for the system of values which comes into consideration in the concerned 
system of equations. 

Without difficulty, one can see that the above definition is independent of the 
choice of coordinates, so that every system of equations Q; = 0,..., Qyr-m = 0 


' An example appearing p.[124]below illustrates this condition. 
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which admits the infinitesimal transformation X f in the sense indicated above, must 
also admit it, when new independent variables y;,...,y, are introduced in place of 
the x. The fact that this really holds true follows immediately from the behaviour of 
the symbol X f after the introduction of new variables. Here as always, it is assumed 
that the y are ordinary power series in the x, and that the x are ordinary power 


series in the y, for all the systems of values x;,...,x, and yj,...,y, coming into 
consideration. 

It yet remains to show that the definition set up above is also independent of the 
form of the system of equations Q; = 0, ..., Qn-m = 0. Only when we will have 


proved this fact shall the legitimacy of the definition be really established. 

Now, in order to be able to perform this proof, we provide at first a few general 
developments which are actually already important and which will later find several 
applications. 

Suppose that the system of equations Q; = 0, ..., Qn—m = 0 admits the infinites- 
imal transformation X f. Since not all m x m determinants of the matrix (1) vanish 
by means of Q; = 0,..., Qnr—m = 0, we can assume that the determinant: 


AQ dQn-m 


Lis, 


OX OX 


belongs to the nonvanishing ones. Then it is possible to resolve the equations Q, =0 
with respect to x1,...,Xm, and this naturally delivers a system of equations: 


xX, = QD (Xyoes tee Kw; see) Xn—m = One tna gree satu) 


which is analytically equivalent to the system Q; = 0, ..., Qr:-m = 0. Therefore, if 
by the sign [| we denote the substitution x1 = Q1, ..., Xn»—-m = Qn—m, we have: 


[21] =0, ..., [Qn—m] = 0; 


and moreover, the fact that the system of equations Q; = 0,..., Qn-m = 0 admits 
the infinitesimal transformation X f is expressed by the identities: 


[X.Q1| =0,..., [XQn—m| = 0. 


Now, let ®(x1,...,x%,) be an arbitrary function which behaves regularly for the 
system of values x1,...,x, Coming into consideration. Then one has: 


n 0 @ 
[xo] => bes] [5], 
and on the other hand: 


xe] = Yr xo) [52] +E onal |. 


u=l Oe efi 
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whence: 
n= rare) 
(2) [X®] = [X[®]}+ Y) [X(xxe— %)] | =~}. 
k=l OX, 
If in place of ® we insert one after the other the functions Q1,...,Qn—m, and if we 


take into account that [Qj] and also X[Q;] plus [X[Q;]] vanish identically, then 
we find: 


- n—m dQ; 
xa] =F beeen] [ 
(j=1--n—m). 


Now, because [xX Q | vanishes identically in any case, while the determinant: 


5 +(e. Bs 


OXnaa 


does not vanish identically, it follows: 

[X (xe — x) | = 0 (k=1--n—m), 
whence the equation (2) takes the form: 
(3) [x] = [x[#]]. 


This formula which is valid for any function ®(x;,...,x,) will later be very useful. 
Here, we need it only in the special case where ® vanishes by means of 2) = 
0,..., Q,-m = 0; then [2] is identically zero and likewise [xX [®]]; our formula 
hence shows that also [xX P| vanishes identically. In words, we can express this 
result as follows: 


Proposition 2. [f a system of equations: 
D2 s<cs4an) SOM Dy Missa) =O 


admits the infinitesimal transformation: 


and if V(x1,..-,Xn) is a function which vanishes by means of this system of equation, 
then the function XV also vanishes by means of Q; = 0, ..., Qn—-m = 0. 


Now, if Vi = 0, ..., Va-m = 0 is an arbitrary system analytically equivalent to: 


£2 0, cavy Dey =, 
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then according to the proposition just stated, all the n — m expressions XV; vanish 
by means of Q; = 0, ..., Qn—-m = 0 and hence they also vanish by means of V; = 
0, ..., Vim = 0; in other words: the system of equations V; = 0, ..., Vi-m = 0 too 
admits the infinitesimal transformation X f. 

Finally, as a result, it is established that our above definition for the invariance 
of a system of equations by an infinitesimal transformation is also independent of 
the form of this system of equations. Therefore, the introduction of this definition is 
completely natural [NATURGEMASs]. 

We know that a system of equations can admit all transformations of the one-term 
group X f only when it admits the infinitesimal transformation X f. But this neces- 
sary condition is at the same time sufficient; indeed, it can be established that every 
system of equations which admits the infinitesimal transformation X f generally al- 
lows all the transformations of the one-term group X f. 

In fact, let the system of equation Q; = 0, ..., Q,—-m = 0 admit the infinitesimal 
transformation X f; moreover, let x1 = Q1, .--,;X»—m = Qn—m be a resolved form for 
the system of equations Q; = 0, ..., Qi—m = 0; lastly, let the substitution x, = @y 
be again denoted by the sign | ]. 

Under these assumptions, we have at first [Q,] = 0, then [XQ,] = 0 and from 
the Proposition 2 stated just now we obtain furthermore: 


[XXQ,| =0, [XXXQ;] =0,---. 


Consequently, the infinite series: 


e e 
Qi + FXO Tp het 


vanishes identically after the substitution x,, = @,, whichever value the parameter e 
can have. So for any e, the system of equations: 


Q,teXQ.+---=0 (k=1---n—m) 


will be satisfied by the systems of values of the system of equations Q); = 
0, ..., Q2-m = 0, and according to what has been said earlier, this does mean 
nothing but: the system of equations: 


Q, =0,..., Qy-m =0 
admits all transformations: 
xi =xj+eXxj;+--- (i=1---n) 


of the one-term group X f. With that, the assertion made above is proved; as a result, 
we have the 


Theorem 14. The system of equations: 
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Oi Higseeg My) = 0, diy Qr—m = 9 


admits all transformations of the one-term group X f if and only if it admits the 
infinitesimal transformation X f, that is to say, when all the n—m expressions X Q, 
vanish by means of 2, = 0,..., Qn-m = 0. 


This theorem is proved under the assumption, which we always make unless 
something else is expressly notified, under the assumption namely that not all (n — 


m) X (n—m) determinants of the matrix (1) vanish by means of Q); = 0,..., Qu-m= 
0. In addition, as already said, both the Q, and the €; must behave regularly for the 
systems of values x;,...,x, Coming into consideration. 


It can be seen that Theorem 14 does not hold true anymore when this assumption 
about the determinant of the matrix (1) is not fulfilled. Indeed, we consider for 
instance the system of equations: 

Oj SO OS, =O, 


m 


by means of which all the (n — m) x (n —m) determinants of the matrix (1) vanish. 
We find for these equations: XQ, = 2x;,Xx,, hence all the XQ; vanish by means 
of Q] =0,..., Qr-m = 0, whatever form X f can have. Consequently, if the Theo- 
rem 14 would be also true here, then the system of equations: 


2 2 
7 =O) ig ye =U 


would admit any arbitrary one-term group X f, which obviously is not the case. 

From this we conclude the following: when the system of equations Q) = 
0, ..., Qn-m = 0 brings to zero all the (n—m) x (n—™m) determinants of the 
matrix (1), the vanishing of all the XQ; by means of Q; = 0,..., Qr-m = 0 is of 
course necessary in order that this system of equations admits the one-term group 
X f, but however, it is not sufficient. 

Nevertheless, some general researches frequently conduct one to systems of 
equations for which one has no means to decide whether the repeatedly mentioned 
requirement is met. Then how should one recognize that the system of equations in 
question admits, or does not admit, a given one-term group? 

In such circumstances, there is a criterion which is frequently of great help and 
which we now want to develop. 


Let: 
Ais win) = Oy tee A Micha SOU 
be a system of equations. We assume that the functions A),..., A, behave regularly 
inside a certain region B, in the neighbourhood of those systems of values x1,...,Xy 


which satisfy the system of equations. However, we assume nothing about the be- 
haviour of the functional determinants of the A’s; we do not demand anymore that 
our s equations are independent of each other, so the number s can even be larger 
than n in certain circumstances. 

Moreover, let: 
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a ) 
x= E(x, sa) SE 
i=] 7 


be an infinitesimal transformation and suppose that amongst the system of values 
X1,-..,Xn for which &1,...,&, behave regularly, there exist some which satisfy the 
equations A; = 0, ..., As = 0 and which in addition belong to the domain B. 

Now, if under these assumptions the s expressions X Ag can be represented as: 


Ss 


XAg = y Pee Cisse Ad ig an) (o=1-«s), 


T=1 


and if at the same time all the pg; behave regularly for the concerned system of 
values of: 
A= oi =U, 


then our system of equations admits every transformation: 
; e 
= Mit km t (i=1--n) 


of the one-term group X f. 
The proof of that is very simple. We have: 


e 
7 eee ot = Ng (Rig cces Xn) 1 qeer : 

but it comes: : ; 
XXAg = ); {par y Pox ar} dr, 
t=1 n=1 


where in the right-hand side the coefficients of the A again behave regularly for 
the system of values of Aj = 0,..., A, = 0. In the same way, the XXX Ag express 


linearly in terms of A;,...,A,s, and so on. In brief, we find: 
AY 
re ee ae y Wor(x1,---,Xn, &) Ar (x) (o=1---s), 
t=1 
where the Wo, are ordinary power series in e and behave regularly for the system 
of values of Aj =0,..., A; = 0. From this, it results that every system of values 
X1,.--,X, Which satisfies the equations A;(x) = 0,..., As(x) = 0 also satisfies the 
equations: 
e e 

Ag (x1 +2 Xx1 t+ 25 tn SKK + (o=1---s) 
so that the system of equations A; = 0,..., A; = 0 really admits the one-term group 
Xf. 


As aresult, we have the 
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Proposition 3. /f, in the variables x,,...,Xn, a system of equations: 
Ay igutas ty) = Oh wnce Ag Miseragany SO 


is given, about which it is not assumed that its equations are mutually independent, 
and even less that the s x s determinants of the matrix: 


dA, .. dA, 
OAs . . OAs 
Ox OXn 
vanish or do not vanish by means of A, = 0,..., As = 0, then this system of equa- 


tions surely admits all the transformations of the one-term group X f when the s 
expressions X Ag can be represented under the form: 


S 
XAoG = y Pa Xizess ty Ag (o=1--s), 


t=1 


and when at the same time the Por behave regularly for those systems of values 
X1,--+,;X, which satisfy the system of equations A; =0,..., As = 0. 


31. 


In the preceding paragraph, we have shown that the determination of all systems of 
equations which admit the one-term group X f amounts to determining all systems 
of equations which admit the infinitesimal transformation X f. Hence the question 
arises to ask for [ES ENTSTEHT DAHER DIE FRAGE NACH] all systems of equations Q) = 
0, ..., Qu-m = 0 (m <n) which admit the infinitesimal transformation? 


This question shall find its answer in the present paragraph. 
Two cases must be distinguished, namely either not all functions &,,...,&, vanish 
by means of: 
Q) = 0, ve+5 Qr-m = 0 


or the equations €; = 0,..., €, = 0 are a consequence of: 
Qy =0, seen Qn—m = 0. 


To begin with, we treat the first case. 

Suppose to fix ideas that €, does not vanish by means of Q; = 0,...,Qy)—m = 0. 
Then the concerned system of equations also admits the infinitesimal transforma- 
tion: 


> (in the sense of the definition p. 
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1 él Of Cami Of Of 
Yf=-xf=+>-=——-+::: —. 
f a f ce Ox] 7 7 Gi OXn—1 = OXn 
If now a. ...,X9 is a system of values which satisfies the equations Q, = 0 and for 


which &, does not vanish, then we may think that the general solutions of X f = 0 
relative to x, = x°, or, what is the same, of Y f, are determined; these general so- 


n? 


lutions, that we may call yj,...,¥,—1, behave regularly in the neighbourhood of 
a. ...,x9 and are independent of x,. Hence if we introduce the new independent 
variables y1,...,¥n—1, Yn = Xn in place of the x, this will be an allowed transfor- 
mation. Doing so, Y f receives the form sh, and the system of equations Q; = 
0,..., Q,-m = 0 is transferred to a new one: 
Citivas, = 0, eae Opn iia a) =0 
Of 


which admits the infinitesimal transformation a, 


From this, it follows that the system of equations Q;, = 0 is not solvable with 
respect to yy. Indeed, if it would be solvable with respect to y,, and hence would 
yield y, — (¥1,---,Yn—1) = 0, then the expression: 


0 
Y(yn—W) = 07) =1 


would vanish by means of Q, =0,..., Qr—-m = 0, which is nonsensical. Conse- 
quently, y, can at most appear purely formally in the equations Q, = 0, that is to 
say, these equations can in all circumstances be brought to a form such as they 
represent relations between y1,...,¥n—1 alond3l. Here, the form of these relations is 
subjected to no further restriction. 

If we now return to the initial variables, we immediately realize that the system 
of equations Q; = 0 can be expressed by means of relations between the n — | in- 
dependent solutions y;,...,y,—1 of the equation X f = 0. This outcome is obviously 
independent of the assumption that €, itself should not vanish by means of Q; = 0; 
we therefore see that every system of equations which admits the infinitesimal trans- 
formation X f and which does not annihilate &),...,&, is represented by relations 
between the solutions of X f = 0. On the other hand, we know that completely arbi- 
trary relations between the solutions of X f = 0 do represent a system of equations 
which admits not only the infinitesimal transformation, but also all transformations 
of the one-term group X f (Chap. [6] Proposition 3, p.[{110). Consequently, this con- 
firms the previously established result that our system of equations 2; = 0 admits 
the one-term group X f. 

We now come to the second of the above two distinguished cases; naturally, this 
case can occur only when there are in general systems of values x1,...,x, for which 
all the n functions &; vanish. 


3 For instance, the system of two equations y;y, =0 and y; = 0 invariant by oh amounts to just yj = 0. 
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If a seni is an arbitrary system of values for which all &; vanish, then the 


transformation of our one-term group: 
j e e 
X= MT TSF TH XGIF (i=1--n) 


reduces after the substitution x; = x? to: 


0 0 
ee eee sw ae 
and we express this as: the system of values . ..., x9 remains invariant by all trans- 


formations of the one-term group X f. For this reason, it comes that every system of 
equations of the form: 


‘ag 4 0 ae C=; Wi (Xigens Xe =O, WS 1 sa2x5dy) = Uyracas 


admits the one-term group X f, whatever systems of values x;,...,x, are involved 
in it. But such a form embraceg|] [uMFASST] all systems of equations which bring 
&1,..-,6, to zero; so as a result, the second one of the two previously distinguished 
cases is settled. 

We summarize the gained result in the 


Theorem 15. There are two sorts of systems of equations which admit the infinites- 
imal transformation: 


. a) 
Xf= » aie naileg) ae 
i=1 U 


and hence in general admit all transformations of the one-term group X f. The sys- 
tems of equations of the first sort are represented by completely arbitrary relations 
between the solutions of the linear partial differential equation X f = 0. The systems 
of equations of the second sort have the form: 


aay = 0) us En =, Wh Hiscse.dey =U, Wy yong ha) Op ccns 


in which the w are absolutely arbitrary, provided of course that there are systems 
of values x1,...,Xn which satisfy the equations in question. 


We yet make a brief remark on this. 

Let C),...,Cy—m be arbitrary constants, and let Q),...,Qy,~—m be functions of x, 
which however are free of the C; lastly, suppose that each system of equations of 
the form: 

Q(x, tee an) =C) .. “5 ical My . tn) = Cr—m 


4 Tn Lie’s thought, a first system of equations embraces (verb: UMFASSEN) a second system of equations when the 
first zero-set is larger than the second one so that the first system implies the second one, at least locally and generically, 
and perhaps after some allowed algebraic manipulations. Nothing really more precise about this notion will come up 
later, and certainly nothing approaching either the Nullstellensatz or some of the concepts of the so-called theory of 
complex spaces. 
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admits the infinitesimal transformation X f, which is free of C. Under these assump- 
tions, the n — m expression X Q; must vanish by means of: 


Qi = Cy, ae) Qn—m = Cn—-m;, 


and certainly, for all values of the C. But since the XQ, are all free of the C, this 
is only possible when the XQ, vanish identically, that is to say, when the Q, are 
solutions of the equation X f = 0. Thus, the following holds. 


Proposition 4. /f the equations: 
QQ, (Xi tee iu) = Cis or) Opis tee Mi) = Cr—m 


with the arbitrary constants C\,...,Cn—m represent a system of equations which 
admits the infinitesimal transformation X f, then 91, ...,Qy—m are solutions of the 
differential equation X f, which is free of the C. 


§ 32. 


At present, consider q arbitrary infinitesimal transformations: 


. 7] 
Xf = ye Ci(X11+++>Xn) of (k=1---q) 
i=l i 


and ask for the systems of equations Q; =0,..., 22 =0,... which admit all these 
infinitesimal transformations. As always, we restrict ourselves here to systems of 


values x1,...,X, for which all the €,; behave regularly. 
At first, it is clear that every sought system of equations also admits all infinites- 
imal transformations of the form: 


q 
y Wil Mig : vgn) Xe 
k=1 


provided that 71,...,%, behave regularly for the systems of values x),...,x, which 
satisfy the system of equations. From the previous paragraph, we moreover see that 
each such system of equations also admits all finite transformations of the one-term 
groups that arise from the discussed infinitesimal transformationg)| 

Furthermore, we remember Chap. [6] Proposition 1, p. At that time, we saw 
that every function of x1,...,x, which admits the two infinitesimal transformations 
X,f and X2f also allows the transformation X, Xf — X2X, f. Exactly the same prop- 
erty also holds true for every system of equations which allows the two infinitesimal 
transformations X; f and X2/f. 

In fact, assume that the system of equations: 


OU Rigecte) =) (k=1---n—m) 


> In fact, Proposition 3 p. gives a more precise statement. 
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admits the two infinitesimal transformations Xf and X2/f, so that all the expres- 
sions X;Qj; and X29; vanish by means of the system Q; = 0, ..., Qn-m = 0. Then 
according to Proposition 2 p. the same holds true for all expressions X,.X2Q/j; 
and X7X)j, so that each X1.X7Q; — X2X,Qj; vanishes by means of the system of 
equations Q; = 0,..., Qr—m = 0. As a result, we have the 


Proposition 5. [f a system of equations: 
gitar SO yxy pe ies ae =O 


admits the two infinitesimal transformations X,f and Xf, then it also admits the 
infinitesimal transformation X|X7f — X2X_f. 


We now apply this proposition similarly as we did at a previous time in the Propo- 
sition | on p. where the question was to determine the joint solutions of g given 
equations X; f =0, ..., X,f =0. At that time, we reduced the stated problem to the 
determination of the solutions of a complete system. Now, we proceed as follows. 

We form all infinitesimal transformations: 


XX jf —XjXicf = (Xe, Xj] 


and we ask whether the linear partial differential equations [X;, X;] = 0 are a conse- 
quence of Xf =0, ..., X_f = 0. If this is not the case, then we add all transforma- 
tions [X;, X;] to the infinitesimal transformations X1f,...,Xq fl which is permitted, 
since every system of equations which admits X)f,...,X,f also allows [X;, Xj]. At 
present, we treat the infinitesimal transformations taken together: 


Xi fy Xahy [Xk Xj] (k,j=1~-4) 


exactly as we did at first with X; f,...,X,f, that is to say, we form all infinitesimal 
transformations: 
[Lx , Xj], Xi], Xx, Xj], [Xn; Xi], 


and we ask whether the equations obtained by setting these expressions equal to zero 
are a consequence of X;,f = 0, [X,, X;] =0 (k, j = 1,...,q). If this is not the case, 
we add all the found infinitesimal transformations to X;f, [Xx, Xj] (k, 7 = 1,..-,q). 

We continue in this way, and so at the end we must obtain a series of infinitesimal 
transformations: 


Ga eee eee. Conn peer. af (q >4) 
which is constituted in such a way that every equation: 
[Xz, Xj] =0 (k, j=1--’) 
is a consequence of X; f = 0, ..., Xq f = 0. The equations: 


¥ In practice, one will in general not add all infinitesimal transformations [X;, XJ, but only a certain number amongst 
them. 
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Xf =0,..., Xv f =0 
then define a complete system with q’ or less terms. Hence we have the 


Theorem 16. The problem of determining all systems of equations which admit q 
given infinitesimal transformations X\f,...,Xqf can always be led back to the de- 
termination of all systems of equations which, aside from X\f,...,Xqf, admit yet 
certain further infinitesimal transformations: 


Xgsif, wegcdegh (249), 
where now the equations: 
Xf =0,..., Xgf =0, Xqrif =0,..., Xyf =0 


define a complete system which has as many terms as there are independent equa- 
tions in it. 


Thus we can from now on limit ourselves to the following more special problem: 


Consider q infinitesimal transformations in the variables x,,...,Xn- 
Xf = x Ca Mise>tn) = — (k=1---q) 
i=1 OX; 


with the property that amongst the q equations: 
Xf =0,..., Xgf =0, 


there are exactly p < q equations which are mutually independent, and with the 
property that any p independent ones amongst these q equations form a p-term 
complete system which belongs to X\f =0,...,Xqf = 9. To seek all systems of 
equations in X1,...,X, which admit the infinitesimal transformations X\f,...,Xqf. 


It is clear that we can suppose without loss of generality that Xf,...,X,f are 
independent of each other as infinitesimal transformations. Furthermore, we notice 
that under the assumptions of the problem, the (p +1) x (p+ 1) determinants of the 
matrix: 


E11 cn iy 
Gal a Can 
vanish all identically, whereas not all p x p determinants do. 
The first step towards the solution of our problem is to distribute the systems 
of equations which admit the q infinitesimal transformations X)/f,...,X,f in two 


separate classes [IN ZWEI GETRENNTE CLASSEN]; as a principle of classification, we 
here take the behaviour of the p x p determinants of (4). 


(4) 
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In the first class, we reckon all systems of equations by means of which not all 
Pp X p determinants of the matrix (4) vanish. 

In the second class, we reckon all systems of equations by means of which the 
P X p determinants in question all vanish. 


We now examine the two classes one after the other. 
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Amongst the g equations X; f = 0, ..., X,f = 0, we choose any p equations which 
are independent of each other; to fix ideas, let X; f = 0, ..., Xp f = 0 be such equa- 
tions, so that not all p x p determinants of the matrix: 


E11 _ Cin 
Cal ae Con 


vanish identically. We now seek, amongst the systems of equations Q; = 
0, ..., Qo-m = 0 of the first species, those which do not cancel the independence 
of the equations X;f = 0,...,X»)f =0, hence those which do not annihilate all 
p X p determinants of the matrix (5). Here, we want at first to make the special 
assumption that a definite p x p determinant of the matrix (5), say the following 


one: 
Cl geet = Cin 


(5) 


D 


Cad _ Con 


neither vanishes identically, nor vanishes by means of Q; =0,..., Qr—m = 0. 
Under the assumptions made, there are identities of the form: 


P 
Xp+if = y Lin(X1,---,Xn) Xaf (j=1--q—p). 
t=1 


For the determination of the functions 7 jz, we have here the equations: 


P 

a, Exv Xin = Sp+i.v (v=1--n; j=1--q—p); 

n=1 
now since the determinant D does not vanish by means of Q; = 0,..., Qu-m = 0, 
we realize that the 7; behave regularly for the system of values of Q) = 
0,..., Qu-m = 0, so that we can, under the assumptions made, leave out the 


infinitesimal transformations Xp1\f,...,Xqf; because, if the system of equa- 
tions Q) = 0,..., Qn-m = 0 admits the transformations X)f,...,Xp)f, then it 
automatically admits also Xpijf,...,Xqf. 

We replace the infinitesimal transformations X|f,...,X)f by p other infinitesimal 
transformations of the specific form: 
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of a 
a ee Gigwise (m7=1---p). 
Odi pen 1 OX; 


i= 


We are allowed to do that, because for the determination of Y| f,...,¥,f we obtain 
the equations: 


Pp 
y Cian nl =f (j=1--p), 
m=1 


which are solvable, and which provide for the Y; expressions of the form: 


Pp 
Yrf = > Prj(X1,--- Xn) Xif (w=1-p), 
jJ=1 


where the coefficients pz; behave regularly for the systems of values of: 
Dy = 0, vcs ga = 0. 


Hence if the system of equations Q,; = 0 admits the infinitesimal transformations 
X1f,...,Xpf, it also admits Y, f,...,Y,f, and conversely. 

et oe ...,x2 be any system of values which satisfies the equations Q,; = 
0, ..., Qo-m = 0 and for which the determinant D is nonzero. Then the nz; behave 
regularly in the neighbourhood of ae aa oan. Now, the equations Y; f=0, ..., Yp f= 
O constitute a p-term complete system just as the equations X; f =0,..., Xpf =0, 
hence according to Theorem 12 p. they possess n— p general solutions 


Y1,-++,Yn—p which behave regularly in the neighbourhood of coe tees fo and which 


reduce to X1,...,Xn—p (respectively) for X,—p»41 = x0_ pei tn = x 
Thus, if we still set yp—p41 = Xn—p+1, +++) Yn = Xn, We Can introduce yj,...,Yn as 


new variables in place of the x. At the same time, the infinitesimal transformations 
Y,f receive the form: 


Of Of. 
ak SP ae 


but the system of equations 2; = 0 is transferred to: 


Oar = 0, ce) Dl Vises 9 Vn) = 0, 


and now these new equations must admit the infinitesimal transformations 
an Qe 5h. From this, it follows that the equations Q;, =0 are solvable with 
respect to none of the variables y,_p+1,---,n, that they contain these variables 
at most fictitiously and that they can be reshaped so as to represent only relations 
between yj, ...,¥n—p alone. 

If we now return to the original variables x;,...,xn,, we then see that the equa- 
tions Q) =0,..., Qr-m = 0 are nothing but relations between the solutions of the 


complete system Y; f =0, ..., ¥Yp,f =0, or, what is the same, of the complete system 
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X,f =0,...,Xpf = 0. Moreover, this result is independent of the assumption that 
precisely the determinant D should not vanish by means of Q; = 0, ..., Qu—-m = 9; 
thus it holds always true when not all p x p determinants of the matrix (5) vanish 
by means of 025 = 0,...., Qru-m =0. 

Consequently, we can state the following theorem: 


Theorem 17. [f g infinitesimal transformations X\f,...,Xqf in the variables 
X1,.-.,;X, provide exactly p < q independent equations when equated to zero, say 
Xf =0,...,Xpf = 0, and if the latter equations form a p-term complete system, 
then every system of equations: 


COE seeaees =). nos Cd iye Rigkaegien) ='()) 


which admits the q infinitesimal transformations X,f,...,Xqf without cancelling 
the independence of the equations: 


Xif =0,..., Xpf =0, 


is represented by relations between the solutions of the p-term complete system 
Xi f =0,...,Xpf =0. 


Thanks to this theorem, the determination of all systems of equations which be- 
long to our first class is accomplished. In place of X;f = 0, ..., Xpf =0, we only 
have to insert in the theorem one after the other all the systems of p independent 
equations amongst the g equations X; f = 0,..., Xf =0. 


34. 


We now come to the second class of systems of equations which admit the infinites- 
imal transformations Xj f,...,Xf, namely to the systems of equations which bring 
to zero all p x p determinants of the matrix (4). 


Here, a series of subcases must immediately be distinguished. Namely it is possi- 
ble that aside from the p x p determinants of the matrix (4), the system of equations: 


PSO. og SO ge =O 


also brings to zero yet all (p—1) x (p—1) determinants, all (p — 2) x (p —2) 
determinants, and so on. 


We hence see that to every sought system of equations is associated a determinate 
number h < p with the property that the concerned system of equations brings to 
zero all p x p, all (p—1) x (p—1), ..., all (44+1)...(4+1) determinants of the 
matrix (4), but not all h x h determinants. Thus, we must go in details through all the 
various possible values 1,2,...,— 1 of h and for each one of these values, we must 
set up the corresponding systems of equations that are admitted by X/f,...,Xq/f. 

Let h be any of the numbers 1,2,..., — 1. A system of equations which brings 
to zero all (n+ 1) x (h+1) determinants of the matrix (4), but not all the h x h 
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ones, contains in any case all equations which are obtained by equating to zero 
all (+1) x (h+1) determinants Aj,...,A, of (4). Now, if the equations A; = 
0, ..., As = 0 would absolutely not be satisfied by the systems of values x1,..., Xn 
for which the &;;(x) behave regularly, or else, if the equations Aj = 0,..., Ay = 0 
would also bring to zero all h x h determinants of (4), then this would be a sign 
that there is absolutely no system of the demanded nature to which is associated the 
chosen number h. So we assume that none of these two cases occurs. 

At first, it is to be examined whether the system of equations A; = A= 0 
is reducible. When this is the case, one should consider every a IRRE- 
DUCIBEL] system of equations which comes from A; = 0,..., As = 0, and which 
does not bring to zero all h x h determinants of (4). 

Let W; =0,..., W; =0 be one of the found irreducible systems of equations, and 
suppose that it is already brought to a form such that not all / x / determinants of 
the matrix: 


CLATRCALA 

Ox] OXn 

OW, ., OW; 

Ox, OXn 
vanish by means of W; = 0,..., W; = 0. Thus we must determine all systems of 
equations which are admitted by X)f,...,X,f, which contain the equations W; = 
0, ..., W, =0 and which at the same time do not bring to zero all 4 x h determinants 


of (4). When we execute this for each individual irreducible system obtained from 
A; =0,..., As = 0, we find all systems of equations which admit X/f,...,X,f and 
to which is associated the number h. 

In general, the system of equations W; = 0, ...,W; = 0 will in fact not admit the 
infinitesimal transformations X)f,...,X_f.To a system of equations which contains 
W; =0, ..., W) = 0 and which in addition admits X)f,...,X,f there must belong in 
any case yet the equations: 


X,W, = 0, X;X,W, = 0 (k, j=l--qA=1--2), 


and so on. We form these equations and we examine whether they become con- 
tradictory with each other, or with W; = 0,..., W; = 0, and whether they possibly 
bring to zero all h x h determinants of (4). If one of these two cases occurs, then 
there is no system of equations of the demanded constitution; if none occurs, then 
the independent equations amongst the equations: 


W,=0, XW, =0, XjX,W, =0,... (A=); j,k=1--9) 


represent a system of equations which is admitted by X)f,...,X,f. Into this system 
of equations which can naturally be reducible, we stick all systems of equations 
which admit X)f,...,X qf, which contain the equations W; = 0,...,W; = 0, but 
which embrace no smaller system of equations of the same nature. 


© This means smooth after stratification and not decomposable further in an invariant way. 
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The corresponding systems of equations are obviously the smallest systems of 
equations which are admitted by Xi f,...,Xf and which bring to zero all (h+ 1) x 
(h+ 1) determinants of (4), though not all the h x h ones. 

Let now: 


(6) W, = 0, wee) Wi-m = 0 (n—m>1) 


be one of the found irreducible systems of equations; then the question is to add, 
in the most general way, new equations to this system so that one obtains a system 
of equations which is admitted by Xf,...,X,f but which does not bring to zero all 
h x h determinants of (4). 

Since not all h x h determinants of (4) vanish by means of: 


(6) WwW = ee We—1=, 
we can assume that for instance the determinant: 


ae es _ oe 
A= ; ee 


Cait _ Chi 


belongs to the nonvanishing ones and we can set ourselves the problem of deter- 
mining all systems of equations which are admitted by X)f,...,X,f and which at 
the same time do not make A equal to zero. When we carry out this problem for 
every individual h x h determinant of (4) which does not vanish already by means 
of (6), we then evidently obtain all the sought systems of equations which embrace 
W, =0,...,Wr-m = 0. 

The independence of the equations X; f = 0, ..., X;,f = 0 is, under the assump- 
tions made, not cancelled by W; = 0, ..., W,-m = 0, and in fact, for the systems of 
values of (6), there are certain relations of the form: 


h 


Xn+jf = by Wie(x1, --- Xn) Xef (j=1--q—h) 
k=1 


where the yj are to be determined out from the equations: 


h 
Cht+j,v = y Wik Skv (j=1--qg—h; v=1--n). 
k=1 


Since all (1+ 1) x (4+ 1) determinants of (4) vanish by means of (6) while A 
does not, the functions yj are perfectly determined and they behave regularly for 
the systems of values of (6). Without loss of generality, we are hence allowed to 
leave out the infinitesimal transformations X),,)f,...,Xf; because every system of 
equations which contains the equations (6), which at the same time does not bring 
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to zero the determinant A, and lastly, which is admitted by X,/f,...,X,f, is also 
automatically admitted by Xp;41f,...,Xqf- 

One can easily see that no relation between x,_;41,...,%, alone can be derived 
from the equations (6). Indeed, if one obtained such a relation, say: 


Xn — O(Xn—h+1) see tn—1) = 0; 
then the / expressions: 


h-1 
Xi(%n — O) = Sen — d — ms Ck,n—h+j (k=1--h) 
n—h+j 


would vanish by means of (6). From this, we draw the conclusion that the number 
n—m_is in any case not larger than n — h and that the equations (6) can be resolved 
with respect to n — m of the variables x1,...,,—n, Say with respect to x1,...,Xn—m:! 


(7) x= Oy Mepidetgesishn) (k=1---n—m) (n—m<n—h). 


We can therefore replace the system (6) by these equations. 

Every system of equations which contains the equations (6) or equivalently the 
equations (7) can obviously be brought to a form such that, aside from the equa- 
tions (7), it yet contains a certain number of relations: 


Vie etsy} =0 (j=1,2,---) 
between X)—m+1,---,Xn alone. Now, if the system of equations in question is sup- 
posed to admit the infinitesimal transformations X,/,...,X;),f, then all the expres- 
sions X;,V; must vanish by means of (7) and of V; = 0, ...; or, if we again denote by 
the sign [ | the substitution x; = 9, ...,Xn—m = Pn—m: the expressions: 
m ov; 
eV) = SE (enmial s—het nfo.) 
u=l1 Xn—m+p 
vanish by means of V; = 0, .... But we can also express this as follows: the system 
of equations V; = 0,... in the variables x,—m+1,..-,;X, must admit the h reduced 
infinitesimal transformations: 
Of 
Xf = y [&, n— m+] =———— Dict (k=1--h) 
u=l Xn— m+ 


in these variables. In addition, the system of equations V; = 0,... should naturally 
not bring to zero the determinant [A] ; 

Conversely, every system of equations V; = 0,... which possesses the property 
discussed just now provides, together with (7), a system of equations which does not 
make A be zero and which in addition admits X;f,...,X,f and also Xp41f,...,Xqf 
as well. 


138 7 Determination of All Systems of Equations Which Admit Given Infinitesimal Transformations 


As a result, our initial problem is reduced to the simpler problem of determining 
all systems of equations in m <n variables which admit the 4 < m infinitesimal 
transformations X1f,...,X;,f and for which the determinant: 


2: + [S1,n—n41| an (Cee 


is not made zero. 
We summarize what was done up to now in the 


Theorem 18. /f ¢ infinitesimal transformations: 


n 0 
Nif = YS Cyan sh) se (k=1---q) 
i=l 


1 


are constituted in such a way that all (p+ 1) x (p +1) determinants, but not all 
P X p determinants of the matrix: 


Eu “e Gin 
Gal a San 
vanish identically, and that any p independent equations amongst the equations 
Xf =0, ...,Xqgf =O forma p-term complete system, then one finds in the following 
manner all systems of equations in x1, ...,Xn which admit X\ f,...,Xqf and which at 
the same time bring to zero all (h+1) x (h+1) determinants of the above matrix, 
but not all h x h ones: by forming determinants [DURCH DETERMINANTENBILDUNG], 
one seeks at first the smallest system of equations for which all (h+1) x (h+1) 
determinants of the matrix vanish, but not all h x h ones. If there exists a system 
of this sort, and if W; = 0,...,W; = 0 is one such, then one forms the equations 
XW; = 0, X;X,W; = 0, ..., and one determines in this way the possibly existing 
smallest system of equations which embraces W, = 0, ..., Wi = 0, which is admitted 
by X\ f,...,Xqf and which does not make equal to zero all h x h determinants of the 
matrix; if W, =0,..., Wn—-m = 0 (n—m > 1) is such a system of equations, which 
does not bring to zero for instance the determinant: 


Ay Gi gt Saas 


then his <mand the equations W, = 0, ..., Wn-m = 0 can be resolved with respect 
ton—m of the variables x1,...,Xnj—n, say as follows: 

x= (one ore =) (k=1--n—m). 
Lastly, one determines all systems of equations in the m variables Xj,—m+1,--+,Xn 


which admit the h reduced infinitesimal transformations: 
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_ m af 
Xf — y Cena Ol genes Qn—m; Xn—m+1; mbes Xn) ae 
= Xn—m+u 
m 3 
= y ee amah| ee (k=1+h) 
u=1 OXn— mit 


and which do not bring to zero the determinant: 


= y= [E1,n—n+1| ee [Sh,m,-+n] ; 


Each one of these systems of equations represents, after adding the equations x; = 
QI, ---;Xn—m = Pn—m, a System of equations of the demanded constitution. By car- 
rying out the indicated developments in all possible cases, one obtains all systems 
of equations of the demanded constitution. 


It frequently happens that one already knows a system of equations U; = 0, U2 = 
0,..., Un—-s = 0 which admits the infinitesimal transformations X)f,...,X_f and 
which brings to zero all (4+ 1) x (+1) determinants of the matrix (4), and which 
nevertheless does not bring to zero the h x h determinant A. Then one can ask for 
all systems of equations which comprise the equations U; = 0,..., U,-s; = 0 and 
which likewise do not bring A to zero. 

The determination of all these systems of equations can be carried out ex- 
actly as in the special case above, where the smallest system of equations 
W, = 0,...,Wr—-m = O of the relevant nature was known, and where one was 
looking for all systems of equations which were admitted by X;/,...,X,f, which 
comprised the system W; = 0, ..., W,—m = 0 and which did not bring A to zero. 

Indeed, in exactly the same way as above, one shows at first that / < s and that the 


equations U; =0,..., U,-s =0 can be resolved with respect to n — s of the variables 
X1,--+,;X,—p, Say as follows: 
Xk = Wie n—s415--+s%n) (k=1--n—s). 


Now, in order to find the sought systems of equations, one forms the h reduced 
infinitesimal transformations: 


= 5 of 
Xf = >» Ce n—ehe (i yee9 Wn—s, Xn—-stls- ++ Xn) OM aim 
o=l Xn—-sto 
S. & ay 
=_ L Cex -st0 5 (k=1---h) 
o=l1 Xn—-s+o 
and next, one determines all systems of equations in the s variables x,_541,..-,Xn 


which admit X| ‘por aX f and which do not bring to zero the determinant: 


A= 3 ae re Soe ee nee 


140 7 Determination of All Systems of Equations Which Admit Given Infinitesimal Transformations 


By adding these equations one after the other to the equations x; — y= 
0, ...,;%n—s — Wr-s = 0, one obtains all systems of equations of the demanded 
constitution. 

It is not necessary to explain more precisely what has been just said. 


35. 


The problem which has been set up at the beginning of § 32 is now basically settled. 
Indeed, thanks to the latter theorem, this problem is reduced to the determination 
of all systems of equations in the m variables x;—m4+41,.--,Xn Which admit the h 
infinitesimal transformations X|f,...,X,),,f. But this is a problem of the same type as 
the original one, which is simplified only inasmuch as the number m of the variables 
is smaller than n. 

Now, about the reduced problem, the same considerations as those about the ini- 
tial problem can be made use of. That is to say: if the equations X; f =0,..., X;f = 
0 do not actually form an h-term complete system, then one has to set up for k, j = 
1,...,A the infinitesimal transformations [X;, Xx and to ask whether the indepen- 
dent equations amongst the equations X;f = 0, [X,, Xj] = 0 for a complete system, 
and so on, in brief, one proceeds just as for the original problem. The only differ- 
ence in comparison to the former situation is that from the beginning one looks for 
systems of equations which do not cancel the independence of the equations: 


Mit =O jes Kak =0, 


and especially, which do not bring the determinant [A] to zero. 

Exactly as above for the original problem, the reduced problem can be dealt with 
in parts, and be partially reduced to a problem in yet less variables, and so forth. 
Briefly, one sees that the complete resolution of the original problem can be attained 
after a finite number of steps. 

We therefore need not to address this issue further, but we want to consider some- 
how into more details a special particularly important case. 

Let as above the system of equations: 


(7°) Xx) — On (aaa tee ta) = 0, see) Xn—m — Dimi (Kis: oa Xn) =0 


be constituted in such a way that it admits the infinitesimal transformations 
X\f,...,Xqf and assume that it brings to zero all (4+ 1) x (h+1) determinants of 
the matrix (4), while it does not bring to zero the determinant A. In comparison, by 
the system of equations (7’), we want to understand not just the smallest one, but a 
completely arbitrary one of the demanded constitution. 

Amongst the equations X; f = 0,..., X_f = 0, assume that any p independent 
amongst them, say for instance X; f = 0, ..., Xpf = 0, form a p-complete system; 
thus in any case, there are relations of the form: 


aa 141 
q 
Xi, X 2 Ox jo ( X15- cpt ay (k, j=1--q). 


For the systems of values of (7’) there remain only / equations: 
Mf =0).2.4 gf =U 


that are independent of each other, whereas X74) f,...,X,f can be represented under 


the form: 
h 


Xn jf = bs Wje(x1,..-,4n) Xo f (j=1--q—h), 
T=1 


where the yj, behave regularly for the concerned system of values. 

Now, we want to make the specific assumption that also all the coefficients @, 5 
behave regularly for the system of values of (7); then evidently for the concerned 
system of values, equations of the form: 


h qh 
[Xy, X;] = y {ie + y Ox jh+t eo }Xaf 


o=1 T=1 


hold true. In this special case one can indicate in one stroke all systems of equations 
which embrace the equations (7’), which admit X f,..., Xf and which do not bring 
A to zero. This should now be shown. 

For all systems of values x,,...,x, which satisfy the equations (7’), there are 
relations of the form: 


[Xx, X = Wkjo( X1,- Xn) Xof (k,j=1--h). 


Here, the w;jq behave regularly and likewise the functions [w,/;s], if by the sign | | 
we denote as before the substitution: 


X1 = Qi, ---5 Xn—m = Pn—m- 
We decompose the above relations in the following ones: 


h 
XG jv —Xjbev = Vo wejs (X15 ---s%n) Sov 


s=l1 
(k,j=1l--h;v=1--n), 
and they naturally hold identically after the substitution | |, so that we have: 


h 


(8) [XE jv] a [XiEnv] = y [Wx js] [Esv]- 


s=| 
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But now the system of equations x; — @, = 0 admits the infinitesimal transforma- 
tions X,f,...,X),,f, so the relation (3) derived on p. 


[X,®] = [Xi{ $]] 


holds true, in which ®(x,,...,x,) is a completely arbitrary function of its argu- 
ments. We can write this relation somewhat differently, if we remember the in- 
finitesimal transformations: 


m 0 
Xif = Xl [Sk,n—m+p] eae ‘i (k=1--h); 


—m+U 


indeed, one evidently has: _ 
[Xi [P]] = X {| PI, 


whence: _ 


From this, it follows that the identities (8) can be replaced by the following ones: 


h 


XilGjvI —X j[€xv] = y [Weis] [Esv].- 


s=1 


In other words, there are identities of the form: 
—" ——_s —— h — 
[Xx Xj] = XX jf —X Xf = Vi [wejs]Xsf, 
s=l 


that is to say, the equations X; f =0,..., X,f =0 form an h-term complete system 
in the m independent variables x,—m+41,---,Xn- 

Now, we remember the observations that we have linked up with Theorem 18. 
They showed that our problem stated above comes down to determining all sys- 
tems of equations in Xp—m41,---,X,n which admit X,f,...,Xj),f and do not cancel 
the independence of the equations X; f = 0, ..., X;,f =. But since in our case the 
equations Xf =0,...,X;f = 0 form an h-term complete system, we can at once 
apply the Theorem 17. Thanks to it, we see that the sought systems of equations in 
Xn—m+1;+++;Xn are represented by relations between the solutions of the complete 
system Xf =0,...,X,f =0. 

Consequently, if we add arbitrary relations between the solutions of this complete 
system to the equations x, = @;, we obtain the general form of a system of equations 
which admits the infinitesimal transformations X|f,...,Xf, which comprises the 
equations x, = @ and which does not bring A to zero. 

It appears superfluous to formulate as a proposition the result obtained here in its 
full generality. By contrast, it is useful for the sequel to expressly state the following 
theorem, which corresponds to the special assumption g = p = h. 
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Theorem 19. /f.a system of n—m independent equations in the variables x1,...,Xn 
admits the h infinitesimal transformations: 


a a) 
he ibis) (k=1---h) 
i=1 I 


and if at the same time the determinant: 


Le) ie shee tes ee ee 


neither vanishes identically, nor vanishes by means of the system of equations, then 
his <m and the system of equations can be resolved with respect to n—m of the 
variables x1,...,X,—n, Say as follows: 


X1 = Qj (aweris tee de seey Xn—m = Oni Mamie is see Milt 


Now if, for the systems of values x1,...,Xn, of these equations, all the expressions 
[X;., Xj] can be represented in the form: 


h 
[Xi Xx; = y Whjs(X1,+--:%n) Xsf (k,j=1--h), 
s=1 


where the w js behave regularly for the concerned systems of values, then one finds 
as follows all systems of equations which comprise the equations: 


X1 — Q} =0,..., Xn-m— Qn—m = 0, 


which admit the infinitesimal transformations X, f,...,Xnfi and which do not bring 
to zero the determinant A: one sets up the h reduced infinitesimal transformations: 


= a Of 
Xf = y k,n—m-+p (91, ++ +9 Pn—m; Xn—m+15- ++ Xn) B) 
= Xn—m+p 


then the h mutually independent equations X, f =0,..., Xf = 0 form an h-term 
complete system in the independent variables xn—m+1,.--,Xn; if? 


Ul home oes Xn) aes Um—h(Xn—m-+1 gas Xn) 
are independent solutions of this complete system, then: 


x1 -— Q, = 0, -++3Xn—m — Pn—m = 0, P;(u1, + ‘sith =0 


is the general form of the sought system of equations; by the ®; here are to be 
understood arbitrary function of their arguments. 


144 7 Determination of All Systems of Equations Which Admit Given Infinitesimal Transformations 


36. 


The analytical developments of the present chapter receive a certain clarity and 
especially a better transparency when one applies the ideas and the forming of con- 
cepts of the theory of manifolds [DIE VORSTELLUNGEN UND BEGRIFFSBILDUNGEN DER 
MANNIGFALTIGKEITSLEHRE]. We now want to do that. The sequel stands in compari- 
son to the §§ 30 to 35 in exactly the same relationship as Chap. 6 stands in compar- 
ison to Chap. 5. 

Every system of equations in the variables x,,...,x, represents a manifold of the 
n-times extended manifold R,. If the system of equations admits the one-term group 
X f, then according to the previously introduced way of expressing, the correspond- 
ing manifold also admits X f; so if a point x;,...,x, belongs to the manifold, then all 
points into which x),...,x, is transferred by all the transformations of the one-term 
group X f also lie in the same manifold. 

If now ce ...,x9 is any point of the space, two cases can occur: either &),...,&, 
do not all vanish for x; = x?, or the quantities €)(x°),...,&(x°) are all equal to 
zero. In the first case, the point oe ...,x9 takes infinitely many positions by the 
co! transformations of the one-term group X f, and as we know, the totality of these 
positions is invariant by the one-term group X f and it constitutes an integral curve of 
the infinitesimal transformation X f. In the second case, x, ...,x9 keeps its position 
through all transformations of the one-term group X /; the integral curve passing by 
cae ...,x9 shrinks to the point itself. 

So if a manifold admits the one-term group Xf and if it consists in general of 
points for which €,,...,&, do not all vanish, then it is constituted of integral curves 
of the infinitesimal transformation X f. By contrast, if the manifold in question con- 
sists only of points for which &),...,&, all vanish, then each point of the manifold 
keeps its position through all transformations of the one-term group X f. Evidently, 
every smaller manifold contained in this manifold then admits also the one-term 
group X f. 

With these words, the conceptual content [DER BEGRIFFLICHE INHALT] of the Theo- 
rem 15 is clearly stated, and in fact fundamentally, the preceding considerations can 
be virtually regarded as a providing a new demonstration of the Theorem 15. 

We still have to explain what does it means conceptually for a system of equations 
Q, =0,..., Qr—m = 0 to admit the infinitesimal transformation X f. 

To this end, we remember that the infinitesimal transformation X f attaches to 
each point x;,...,X, at which not all € vanish the completely determined direction 
of progress: 


Oxj i203 2 ON, =Ep 2 > 2 Ey 
while it attaches no direction of progress to a point for which €; = --- = €, =0. We 
can therefore say: 
The system of equations Q, = 0,...,Qn—m = 0 admits the infinitesimal 
transformation Xf when the latter attaches to each point of the manifold 
Q, =0,..., Qy-m = 0 either absolutely no direction of progress, or a direction of 
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progress which satisfies the n —m equations: 
—— OXn (k=1--n—m), 


hence which comes into contact with the manifold. 


This definition is visibly independent both of the choice of the variables and of 
the form of the system of equations: 


Q) =0,..., Qn—m = 0. 


The Theorem 14 can now receive the following visual version: 


If the infinitesimal transformation X f attaches to each point of a manifold either 
absolutely no direction of progress, or a direction of progress which comes into 
contact with the manifold, then the manifold admits all transformations of the one- 
term group X f. 


In conclusion, if we yet introduce the language: “the manifold Q; =0,..., Qn-m = 
0 admits the infinitesimal transformation X f, we can express as follows the Theo- 
rem 14. 


A manifold admits all transformations of the one-term group X f if and only if it 
admits the infinitesimal transformation X f. 


In the §§ 32 and 34, we gave a classification of all systems of equations which 
admit the g infinitesimal transformations X|f,...,X qf. There, we took as a starting 
point the behaviour of the determinants of the matrix (4): 


Eu — ae 

eal oe San 
We assumed that all (p+ 1) x (p+ 1) determinants of this matrix vanished iden- 
tically, whereas the p x p determinants did not. We then reckoned as belonging to 
the same class all systems of equations by means of which all (4+ 1) x (h+ 1) 
determinants of the matrix vanish, but not all 4 x h determinants; in the process, the 
integer h could have the p+ 1 different values: p, p—1,...,2,1,0. 


Already in Chap. 6 we observed that, under the assumptions made just now, the 
q infinitesimal transformations: 


Xi feo Xof 

attach exactly p independent directions of progress to any point x1,...,X, in gen- 
eral position. It stands to reason in the corresponding way that X)/f,...,X,f attach 
exactly h independent directions of progress to a point x),...,x,, when the h xh 


determinants of the above matrix do not all vanish at the point in question, while 
by contrast all (4+ 1) x (+1) determinants take the zero value. Now, since every 
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system of equations which admits the infinitesimal transformations X,/,...,Xqf 
represents a manifold having the same property, our previous classification of the 
systems of equations immediately provides a classification of the manifolds. Indeed, 
amongst the manifolds which admit X;f,...,X_f we always reckon as belonging to 
one class those systems, to the points of which are associated the same number 
h < p of independent directions of progress by the infinitesimal transformations 
AF pecs hgh 

If a manifold admits the infinitesimal transformations X,/f,...,X,f, then at each 
one of its points, it comes into contact with the directions of progress that are at- 
tached to the point by X/f,...,X,f. Now, if Xi f,...,Xqf determine precisely h 
independent directions at each point of the manifold, then the manifold must obvi- 
ously have at least h dimensions. Hence we can state the proposition: 


Proposition 6. If q infinitesimal transformations X\f,...,Xqf attach precisely h in- 
dependent directions of progress to a special point coe ...,X9, then there is in any 
case no manifold of smaller dimension than h which contains the point i oak a 
and which admits the q infinitesimal transformations X\f,...,Xqf. 


Basically, this proposition is only another formulation of a former result. In § 34 
indeed, we considered the systems of equations which admit X/f,...,X_f and 
which at the same time leave only / mutually independent equations amongst the 
q equations X; f =0, ..., Xf = 0. On the occasion, we saw that such a system of 
equations consists of at most n — h independent equations, so that it represents a 
manifold having at least ) dimensions. 


Chapter 8 

Complete Systems Which Admit 
All Transformations 

of a One-term Group 


If, in a g-term complete system: 


2] 
Xf =) ine) of (k=1--q) 
i=l 


one introduces new independent variables x, = Fi(x1,...,n),---,X) = Fn, then as 
was already observed earlier (cf. Chap. [5] p.[99), one again obtains a g-term com- 
plete system in x/,...,x),. Naturally, this new complete system has in general a form 
different from the initial one; nonetheless, it can also happen that the two complete 
systems do essentially not differ in their form, when relationships of the shape: 


q n A) 
Xf = y Wight scesighy) y Giceoatea) as (kK=1---q) 


j=l i=l 


hold, in which of course the determinant of the yy; does not vanish identically. In 
this case, we say: the complete system: 


Xif =0,...,X,f =0 


admits the transformation x. = Fj(x1,...,%n), or: it remains invariant through this 
transformation. 
By making use of the abbreviated notations: 


a pee = bias 
n Of 
d Si Fy =f, 


we can set up the following definition: 
The q-term complete system: 


n J 
Xef = Y buler,.rm) SE =0 (k=1--q) 
i=1 Xj 
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admits the infinitesimal transformation x, = Fj(x,,...,Xn) if and only if, for every k, 
there is a relation of the formtll 


qd 
() Xf = y Wig sim el 2CT- 


j=l 


The sense of this important definition will best be elucidated [VERDEUTLICHEN] by 
means of a simple example. 
The two equations: 


ua OF 
Ox, - Ox. 


in the three variables x;,x2,x3 form a two-term complete system. By introducing 
the new variables: 


Xf = 0, Xf = 0 


/ / / 
Xy =X, +2, Xy = X1 —X2, x3 = X3 
in place of the x, we obtain the new complete system: 


af _ af af _9 af _ af af _ 


a ee ee ies se) 


ax, Ox, Ox, Ox. Ox’ Ox, 


which is equivalent to the system of = 0, of = 0. So there are relations of the 
ie 2 


form: 
Xf =Xif+Xrf, Xf =Xi f —Xsf, 


whence the complete system — =U, — = 0 admits the transformation: x, = x; + 


X2, X5 =X — Xp. 
§ 37. 


Let the g-term complete system X;f = 0,...,Xqf = 0 admit the transformation 
x, = F;(x1,...,Xn), So that for every f there are relations of the form (1). Now, if 
((x1,.--,Xn) is a solution of the complete system, the right-hand side of (1) vanishes 
identically after the substitution f = @(x},...,x/,), whence the left-hand side also 
vanishes identically after the substitution f = 9 (F\(x),...,Fn(x)); consequently, as 
(x) itself, p(Fi(x),...,Fn(x)) constitutes at the same time a solution, or, as one 
can express this fact: the transformation x; = F;(x) transfers every solution of the 
complete system X;f =0,..., X,f =0 to a solution of the same complete system. 

But conversely the following also holds true: if every solution of the g-term com- 
plete system X;f =0,...,X,f = 0 is transferred, by means of a transformation 
x. = Fi(x1,...,Xn), to a solution, then the complete system admits the transforma- 
tion in question. Indeed, by the introduction of the variables x; in place of the vari- 


¥ Lie, Scientific Society of Christiania, February 1875. 
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ables x;, the equations X;f =0, ..., X;,f = 0 convert into a q-term complete system 
which has all its solutions in common with the g-term system X; f =0, ..., Xgf =0; 
but from this it follows that relations of the form (1) hold, hence that the complete 
system Xf =0,..., X,f =0 really admits the transformation x; = F;(x). 

From all that, it results that a g-term complete system admits the transformation 
x) = Fi(x1,...,Xn) if and only if this transformation transfers every solution of the 
complete system into a solution. Naturally, for this to hold, it is only necessary 
that the transformation transfers to solutions any n—q independent solutions of the 
System. 

Next, the present line of thought will completely correspond to the one followed 
in Chaps. 6 and 7 if we now ask the question: how can one realize that a g-term 
complete system X; f = 0, ..., Xf =0 admits all transformations of the one-term 
group Y f? Indeed, this question actually belongs to the general researches about 
differential equations which admit one-term groups, and that is why this question 
will also be took up again in a subsequent chapter of this Division, in the Chapter 
on differential invariants, and on the basis of the general theory developed there, it 
will be settled. But before, we need criteria by means of which we can recognize 
whether a given complete system admits or not all transformations of a given one- 
term group. That is why we want to derive such criteria already now, with somewhat 
simpler expedients. 

Let us denote any n—q independent solutions of the g-term complete system 
Xf =0,...,Xqf =0 by },..., Pn—g- If now the complete system admits all trans- 
formations: 

— : Y e YY 
| ae Apae vee (i=1---n) 
of the one-term group Y f, then the n — q independent functions: 


2 


t t 
Oy (x+tY¥x+---) = Gu() + TY OF SIV OR +: 


must also be solutions of the system, and for every value of t. From this, we deduce 
that the n — g expressions Y @, are in any case solutions of the system, hence that 
relations of the form: 


(2) Y Oy = M(O1,---; Pn—q) (k=1--n—q) 


must hold. This condition is necessary; but at the same time it is also sufficient, since 
if it is satisfied, then all YY q, YYY @;, ..., will be functions of @),...,@n—g only, 
whence the expressions @j(x+tYx-+---) will be solutions of the complete system, 
and from this it follows that this system effectively admits all transformations of the 
one-term group Y f. 

Consequently, the following holds. 
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Proposition 1. A g-term complete system X,f =0, ..., Xf = 0 with the n—4q 
independent solutions @\,...,Qn—q admits all the transformations of the one-term 
group: 


if and only if n—q relations of the form: 


Y @y = We(P1,---; Pn—g) (k=1---n—q) 
hold. 


Saying this, the gained criterion naturally is practically applicable only when 
the complete system is already integrated. But it is very easy to deduce from this 
criterion another one which does not presupposes that one knows the solutions of 
the complete system. 

If in the identity: 


Ke(¥(A)) ~¥ (KN) = (Kens VE) 24 


i=l 


one sets in place of f any solution @ of the complete system, then one obtains: 


x(¥(f) =¥ (xem YE) 52. 


i=l 
Now, if the complete system allows all transformations of the one-term group Y f, 
then by the above, Y(@) also a solution of the system, hence the left-hand side of 


the last equation vanishes identically; naturally, the right-hand side does the same, 
so every solution of the complete system also satisfies the g equations: 


n Of 
Y (Xeni -¥ Ex) ae =0; 


i=1 
but from this it follows that g identities of the form: 
n 


1 


J q 
(Xeni — Y Ex) at =) xej(x1,-.-.%n) Xf (k=1--q) 
1 i el 


hold. 

On the other hand, we assume that identities of this form exist and we again 
understand by @, any solution of the complete system. Then it follows immediately 
that the g expressions X;(Y(f)) —Y (X;(f)) vanish identically after the substitution 
f = @; but from that, it comes: X.(¥(g)) = 0, that is to say Y@ is a solution of the 
system, so there exist n — q relations of the form: 
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(2) ¥ Oy = O( 1, ---; Pn—q) (k=1---n—q), 


and they show that the complete system admits all transformations of the one-term 


group Y f. 
As a result, we have the 


Theorem 20.[i|A q-term complete system: 


n of 
Xf = Y Sei(x1,--.4n) =— = 0 (k=1+-q) 
i=l OX; 
in the variables x,,...,Xn admits all transformations of the one-term group: 


if and only of all X(Y¥(f)) —Y (X(f)) can be expressed linearly in terms of 
ra ee ee 


(3) j=l 
(k=1--4). 


The existence of relations of the form (3) is therefore necessary and sufficient in 
order that the system X; f = 0, ..., X_f = 0 admits all transformations of the one- 
term group Y f. For various fundamental reasons, it appears to be desirable to still 
prove the necessity of the relation (3) also by means of a direct method. 

The transformations of the one-term group Y f have the form: 


L=xjt ont - Yni+ (i=1--n) 
x-=x,+-nN; es es i=1+--n). 
ee Gag 
If we now introduce the new variables x/,...,x), in the expressions X;,f by means of 
this formula in place of x1,...,xn, we receive: 


n Of 
= ) fe 
Xif = fan X KX; ax, é 


Here, the X;.x; have still to be expressed in terms of x/,...,x/,. By leaving out the 
second and the higher powers of f, it comes immediately: 


(4) Xyx; = Xpxi +e Xi te. 
Furthermore, one has (cf. Chap. [4] Eq. (3a), p.[65): 


+ Lie, Gesellschaft d. W. zu Christiania, 1874. 
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t 
Xx = Eu (x) = € - a. oe 
tX,ni =tXpni —--- : 


Hence it comes: 
Xi = See + t (Xp; —Y'Ey) +e 
and lastly: 


(5) Xf =Xif +2 (KY'P AYRE) to 


where the left out terms are of second or of higher order in ¢. 
Now, if the complete system X; f = 0, ..., Xqf = 0 admits all transformations of 
the one-term group Y f, then the system of the g equations: 


t 
Xif + 7X Y|+---=0 (k=1---q) 


must be equivalent to X;f = 0, ..., Xf =0 and this, for all values of rt. Con- 
sequently, the coefficients of f must in any case be expressible by means of 
Xf,...,Xqf, that is to say, relations of the form (3): 


Xe(¥(f)) —¥ (Xl) = Bis Y= Yo tayo stn) Xi 
j=l 


(k= 1-4) 


must exist. 

As a result, we have shown directly that the existence of these relations is neces- 
sary; but we do not want to show once more its sufficiency, and we want to content 
ourselves with what has been said. 

We want to speak of complete systems which admit an infinitesimal transforma- 
tion Y f in the same way as we spoke of the systems of equations: 


Di gce gta) =O) 2005 plied) =O 


which do the same. We shall say: the g-term complete system X; f =0,...,Xqf=0 
admits the infinitesimal transformation Y f when relations of the form (3) hold. 
With the use of this language, we can also express the Theorem 20 as follows: 


The q-term complete system X,f =0, ..., Xqf = 0 admits all transformations of 
the one-term group Y f if and only if it admits the infinitesimal transformation Y f. 


When a complete system admits all transformations of a one-term group, we say 
briefly that it admits this one-term group. 

The conditions of the Theorem 20 are in particular satisfied when Y f has the 
form: 
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q 
VGS Pi Ciesytn) GF 
j=l 
where it is understood that the p; are arbitrary functions of the x. Indeed, there 
always exist relations of the form (3) and in addition, it holds that Ym = 0. This 
is in accordance with the developments of Chap. |6} p. [109] which showed that ev- 
ery solution 2(@1,...,@n—q) of the complete system X; f = 0,...,X,f = 0 remains 
invariant by the transformations of all one-term groups of the form )' p ;X;f. 

On the other hand, if an infinitesimal transformation Y f which does not have 
the form )' p;(x)X;f satisfies the conditions of Theorem 20, then the finite trans- 
formations of the one-term group Y f do not at all leave invariant each individual 
solution of the complete system, but instead, they leave invariant the totality of all 
these solutions. 

Amongst the infinitesimal transformations that are admitted by a given complete 
system X; f = 0, ..., X,f = 0, there are those of the form )° p;(x).X;f which are 
given simultaneously with the complete system, and which, for this reason, have 
to considered as trivial. By contrast, one cannot in general indicate the remaining 
infinitesimal transformations that the system admits before one has integrated the 
system. 

As we have seen above, when the complete system X; f = 0, ..., X,f = 0 admits 
the infinitesimal transformation Y f, every solution Q(@1,...,@n—q) of the complete 
system is transferred to a solution by every transformation: 


t 
Ham Pxt (i=1--n) 


of the one-term group Y f. Hence if we interpret the x and the x’ as coordinates for 
the points of an n-times extended space and the transformation just written as an op- 
eration by which the point x;,...,x, takes the new position x/,...,xj,, and if we re- 
member in addition that, with the constants a1,...,@n—g, the equations @| = ay,..., 
Qn—q = An—q tepresent a characteristic manifold of the complete system X; f = 0, 
...,Xqf = 0 (cf. Chap.[4] p.[112), then we realize immediately that the transforma- 
tions of the one-term group Y f send every characteristic manifold of the complete 
system to a characteristic manifold. The characteristic manifolds of our complete 
system are therefore permuted with each other by the transformations of the one- 
term group Y f, hence they form, as we want to express this, a family [SCHAAR] which 
is invariant by the one-term group Y f. Since the mentioned characteristic manifolds 
determine, according to Chap. [6] p. a decomposition of the space, we can also 
say that this decomposition remains invariant by the one-term group Y f. 


§ 38. 


Still a few simple statements about complete systems which admit one-term groups: 
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Proposition 2. [f a g-term complete system admits every transformation of the two 
one-term groups Y f and Zf, then it also admits every transformation of the one- 
term group Y(Z(f)) —Z(Y(f)) =A: 


Let X;f = 0 be the equations of the complete system. One then forms the Jacobi 
identity: 
[[¥, Z], Xx] + [[Z, Xe], ¥] + [[Xe, ¥], Z] =0, 


and one takes into consideration that [Y, X;| and |Z, X;] can, according to the as- 
sumption, be expressed linearly in terms of X1f,...,Xqf, hence one realizes that the 
same property is enjoyed by IY” , Z], X;]. But as a result, our proposition is proved. 


Proposition 3. If the equations A; f = 0, ..., Agf = 0 and likewise the equations 
B, f =0,..., Bs f =0 forma complete system, then a complete system is also formed 
by the totality of all possible equations Cf = 0 which the two complete systems 
share, in the sense that relations of the form: 


q Ss 


Ccf= » Qi KitysaghnlAgt = ps Be Gij00+5%n) Bef 


j=l k=1 


hold. If the two complete systems Ay, f = 0 and B;f = 0 admit a certain one-term 
group X f, then the complete system of equations Cf = 0 also admits this group. 


Proof. Amongst the equations Cf = 0, one can select exactly, say m but not more, 
equations: 
Cif =0, ..., Gnf =0 


which are independent of each other. Next, there exist for every “ = 1,...,m rela- 
tions of the form: 


q 5 
Cuf =) ay j(x)Ayf = Y Bue(x) Bef : 
=I k= 


consequently, every Cy (Cy(f)) —Cv(Cu(f)) = (Cu, Cv] can be expressed both in 
terms of the Af and in terms of the Bf, that is to say, every [Cy, Cy] expresses 
linearly in terms of C1 /f,...,Cmf. As a result, the first part of our proposition is 
proved. Further, every [X, C,,] expresses both in terms of the Af and in terms of the 
Bf, hence there there exist relations of the form: 


[X, Cy] = yy Vay Aiysasg hn) Col (u=1--m). 
v=1 


This is the second part of the proposition. 

If two complete systems A; f = 0, ..., Agf = 0 and Bi f = 0, ..., Bs f = 0 are 
given, then all possible solutions that are common to the to systems can be defined 
by means of a complete system which, under the guidance of Chap. |5} p. one 
can derive from the equations: 
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Aif=0,...,Agf=0, Bif=0,..., Bsf=0. 
What is more, the following holds. 


Proposition 3. /f the two complete systems A, f =0,..., Agf =Oand B,f =0,..., 
B,f =0 admit the one-term group X f, then the complete system which defines the 
common solution of all the equations Ax f =0 and By f =0 also admits the one-term 
group X f. 


Proof. The identity: 
[[Aj, Be], X] + [[Be, X],Aj] + [[X, Aj], Be] =0 


shows that all [[A 7, By), X | can be expressed linearly in terms of the Af, of the Bf 
and of the [A, B]. Hence, when the equations [A ;, B,] = 0, together with the Af = 0 
and the Bf = 0, already produce a complete system, the assertion of our proposition 
is proved. Otherwise, one treats the system of the equations Af = 0, Bf =0, |A, B] = 
0 exactly in the same way as the system Af = 0, Bf = 0 just considered, that is to 
say: one forms the Jacobi identity with X f for any two expressions amongst the Af, 
Bf, |A, B], and so on. 


The propositions 3 and 4 can be given a simple conceptual sense when x1,...,Xn 
are interpreted as coordinates for the points of a space Ry. 

At first, we remember that the co”7 g-times extended characteristic manifolds M, 
of the complete system A; f = 0, ..., Ag f = 0 form a family that remains invariant 
by the one-term group Xf. Next, we remark that also the oo”* s-times extended 
characteristic manifolds M, of the complete system B, f = 0, ..., Bs f = 0 form 
such an invariant family. 

Let us agree that the number s is at least equal to g. Then every Ms of general 
position will be decomposed in a family of oo’ —%+” (gq —h)-extended manifolds, 
those in which it is cut by the M,, where one understands that h is a determined 
number amongst 0,1,...,g. Therefore in this way, the whole R, is decomposed 
in a family of oo” 4+" (q — h)-extended manifolds. Naturally, the totality of these 
manifolds remain invariant by the one-term group Xf, for it is the cutting of the 
totality of all M, with the totality of all M;, and these two totalities are, as already 
said, invariant by the group X f. 

The considered (g —h)-times extended manifolds are nothing but the character- 
istic manifolds of the complete system Cf = 0 which appears in Proposition 3, and 
under the assumptions made, this complete system is (g—)-term. 

On the other hand, one can ask for the smallest manifolds which consist both of 
M, and of M;. When there are manifolds of this kind, the totality of them naturally 
remains invariant by the one-term group X f; they are the characteristic manifolds 
of the complete system which is defined in Proposition 4. 


Chapter 9 
Characteristic Relationships 
Between the Infinitesimal Transformations of a Group 


In Chap. Bland in Chap. 4 (Proposition 1, p. it has been shown that to every r- 
term group, there belong r independent infinitesimal transformations which stand in 
a characteristic relationship to the group in question. Now, we want at first to derive 
certain important relations which exist between these infinitesimal transformations. 
Afterwards, we shall prove the equally important proposition that r independent 
infinitesimal transformations which satisfy the concerned relations do always deter- 
mine an r-term group with the identity transformation. 


§ 39. 


Instead of considering an r-term group, we at the moment want to take the somewhat 
more general point of view of considering a family of oo” different transformations: 


BG icang a Bie enclly) (i=1--n) 


which satisfy differential equations of the form: 


Ox : ; , 
i — y Wij(a1,---,@r) Coe 
j=l 
(i=1---n; kK=1--r). 


We then know (cf. Chap. [3] p. that the r infinitesimal transformations: 
xX Of 
MN =Y bul) S5 etn 


are independent of each other, and that the determinant of the y;;(a) do not vanish 
identically; consequently, as we have already done earlier, we can also write down 
the above differential equations as: 


Ox 
(1) arn Ts a) x) -¥ Lj Q],.--, ala 


(i=1--n; f=1--r). 
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Here naturally, the determinant of the aj,(a) does not vanish identically. 
If on the other hand, we imagine that the equations: 


/ ‘ 
HHT) Kip cde hng hie cestte) (i=1--n) 
are solved with respect to x1,...,Xp! 
/ ; 
i = FCG osveg ys Biynses ap) (i=1--n), 


then we can very easily derive certain differential equations that are satisfied by 
F,..., Fy. We simply differentiate the identity: 


Fifi, Ch idab pl Mek ys ayaa) = Xx; 
with respect to ax; then we have: 
y OF;(x’,a) Ofy(x,a) 4 OF;(x’, a) 
Ox, ax Oak 


provided that one sets x\, = f(x, a) everywhere. We multiply this identity by oj(a) 
and we sum it for k equals 1 to r; then on account of: 


yo fe X,a 
d Obj (a ~ a = Cisse 4 In): 
we obtain the following equations: 
“ al - OF; 
Evy (x4,-- ae) a ik (Bix +, ay) —— =0 
» ’ Oxy fy” Oak 


According to their derivation, these equations hold identically when one makes 
the substitution x{, = fy (x, a) in them; but since they do not at all contain x,...,Xn, 
they must actually hold identically, that is to say: F,..., F, are all solutions of the 
following linear partial differential equations: 


: OF. «= OF 
F)= Ev |} Qiy(a) —— =0 
Gar). 
These r equations contain n+ r variables, namely x) y+++5X, and ay,...,a@,; in addi- 


tion, they are independent of each other, for the determinant of the a, (a) does not 
vanish identically, and hence a resolution with respect to the r differential quotients 


oF — — is possible. But on the other hand, the equations (2) have n indepen- 


dent solutions in common, namely just the functions Fj (x’, a),...,Fn(x’, a) whose 
yj 
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functional determinant with respect to the x’: 
OF, 1 


Ox axe oe Loh Of 
Ox, Ox, pash... oh 


does not vanish identically, because the equations x} = f;(x, a) represent transfor- 
mations by assumption. Therefore, the hypotheses of the Proposition 8 in Chap. 
p.[99]are met by the equations (2), that is to say, these equations constitute an r-term 
complete system. 


If we set: 3 
F 
d Obj (a) ar =Aj(F) 
and furthermore: 5 
/ i / 
v(x )=— = F), 
du civ oa a ) 


in accordance with a designation employed earlier, then the equations (2) receive 
the form: 
O,(F) = Xj(F)+A,(F) =0 (j=1--r). 


As we know, the fact that they constitute a complete system is found in their 
expressions: certain equations of the form: 


r 


Q(Q;(F)) — Qj(Q(F)) = >. Ori ptegh oOigisger Ot) 
s=1 
(k, j=1--r) 


must hold identically! whichever F can be as a function of x),...,%), @1,---,dr- 
But since these identities can also be written as: 


KL(XI(F)) —X1(X{(F)) +A (Aj()) ~Aj(Ae()) = 
— > OxjsX5(F) ai y ecAsll }, 
s=l s=1 
we can immediately split them in two identities: 


XI(X!(F)) —X/(X/(F)) =) 
3) = 


and here, the second series of equations can yet again be decomposed in: 


| These are identities between vector fields. 
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Ax (Oj) —Aj( Ok) = ay" Ox js As (k,j,H#=1--7). 
s=l 


Now, because the determinant of the a;,, does not vanish identically, then the 0, js 
in these last conditions are completely determined, and it comes out that the 0; js 


can only depend upon a,...,a,, whereas they are in any case free of x},...,xj,. But 
it can be established that the ¥;;; are also free of a1,...,a,. For, if in the first series 
of the identities (3), we consider F as an arbitrary function of only x, preg Xp, then 


we obtain by differentiating with respect to ay, the following identically satisfied 
equations: 


Ne hye 
Lu 
But since X{(F),...,X;(F) are independent ee ne: and since 


k js 


in addition the 20h do not depend upon x},...,xj,, then all the oom vanish identi- 


cally; that is to say, the 0; js are also free of a1,...,a,, they are nlimenical constants. 
Thus, we have the 


Theorem 21. Jf a family of ©” transformations: 
HS Fi ies shi, Diigo nap) (i=1---n) 


satisfies certain differential equations of the specific form: 


or = » Wigj(@1,---,4r) Ci am, (i=1---n; kK=1--7r) 


and if one writes, what is always possible, these differential equations in the form: 


e ox’, 
ar eee +) — y Ol diy. 9p) aa: (i=1--n; j=1--r), 
k=1 


then there exist between the 2r independent infinitesimal transformations: 


OF 
>> Ei(x} x, )— Ox; (j=1--r) 
OF 
=y Cin ( Q],---, Oa (j=1--r) 


relationships of the form: 
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X;(X}(F)) —X}(Xi(F)) = L CkjsX,(F) (k,j=1--r), 

(4) ~ 
Ax(Aj(F)) —Aj(Ac(F)) = Yo ckisAs(F) (k,j=1n), 

s=l 


where the cx js denote numerical constants. In consequence of that, the r equations: 
/ 
Xj(F) +Aj(F) =0 (k=1--7), 


which are solvable with respect to oF sans oF constitute an r-term complete sys- 
14 da, Oar Ip y 
tem in the n+r variables x,,...,x/,, a1,...,a;; if one solves the n equations x), = 


fi(x, a) with respect to x1,...,Xn! 
/ / i 
eS TM ek epg Digaseg tes) (i=1--n), 
then F\(x’, a), ..., Fy(x’, a) are independent solutions of this complete system. 


This theorem can now be immediately applied to all r-term groups, whether or 
not they contain the identity transformation. 

When applied to the case of an r-term group with the identity transformation, the 
theorem gives us certain relationships which exist between the infinitesimal trans- 
formations of this group. We therefore obtain the important 


Theorem 22. Jf an r-term group in the variables x,,...,Xp, contains the r indepen- 
dent infinitesimal transformations: 
n of 
X(f) = Yo Salm, Xn) > k=1--r), 
j l 


then there exist between these infinitesimal transformations pairwise relationships 
of the form: 


Xe(X4(f)) —Xi(Xe(f)) = y eG): 


where the cx js denote numerical constants 
From this, it follows in particular the following important 


Proposition 1. /f a finite continuous group contains the two infinitesimal transfor- 
mations: 


then it also contains the infinitesimal transformation: 


+ Lie, Math. Ann. Vol. 8, p. 303; Gottinger Nachr. 1874. 
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x (P(N) -¥ (X(N). 


40. 


Conversely, we imagine that r independent infinitesimal transformations in 
5 emer 


wad 
= Ent sey Ky) ax! (j=1--7r) 


are presented, which stand pairwise in relationships of the form: 
s=1 


where the cx js are numerical constants. In addition, we imagine that r infinitesimal 
transformations in d1,...,dy: 


OF 
= 2G w(t, ---,4r) > — (j=1--r) 
yal ul 


are given, which satisfy analogous relations in pairs of the form: 
A,(Aj(F)) —Aj(Ak(F)) = Yo ckjsAs(F) 
s=1 


with the same c,j, and whose determinant )' +01;(a)---0,,(a) does not vanish 
identically. We will show that under these assumptions, the infinitesimal transfor- 
mations X;(F),...,X/(F’) generate a completely determined r-term group with the 
identity transformation. 

To this aim, we form the equations: 


OM F)=X(F)+A(F)=0— Uat~n, 


which, according to the assumptions made, constitute an r-term complete system; 
indeed, there exist relations of the form: 


Q:(Q;(F)) — 2;(Q(F)) = y Crjs Q F 


and in addition, the equations Q;(F') = 0,..., Q-(F) = 0 are solvable with respect 
OF 
LOS 38s 
da,’ > Oa,’ 


Now, let ay: ...,@9 be a system of values of the a, in a neighbourhood of which 
the (a) behave regularly and for which the determinant ) +0 (a°) -- + Q,(a") 
is different from zero. Then according to Theorem 12, Chap. [5] p. the com- 
plete system Q;(F) = 0 possesses n solutions F(x’, a),..., n(x’, a) which reduce 
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to x,,...,%,, respectively for a, = a}; they are the so-called general solutions of the 
complete system relative to a, = a. We imagine that these general solutions are 
given, we form the n equations: 


/ / j 
Ri = FG nce Nye Bisa ceg Gp) (i=1--n), 
and we resolve them with respect to x),...,x;,, which is always possible, for 
F,,...,F, are obviously independent of each other, as far as x/,...,x, are con- 


cerned. The equations obtained in this way: 
/ : 
RS PA rcv Aes Bie egy) (i=1---n) 


represent, as we shall now show, an r-term group and in fact naturally, a group with 
the identity transformation; because for a, = ay one gets x, =X. 
At first, we have identically: 


2 OF; < OF; 
° / u * pedicle — 
Xu Siv(x) ae. ue Oj (a) Da 0 


(i=1--n; j=1--r). 


(5) 


On the other hand, by differentiating x; = F;(x’, a) with respect to ay, one obtains 
the equation: 


(i=1---n; w=1--7), 


which holds identically after the substitution x{, = f(x, a). We multiply this equa- 
tion by jy (a) and we sum for w equals | to r, hence we obtain an equation which, 
after using (5), goes to: 


n OF; ( r Ox, ; 
(YE aula) = —Ev(x')) =0 
pe Ox, u Jan 
(Ht pst. 
But since the determinant )° +94 eee _ does not vanish identically, we therefore 
1 n 
obtain: . Pe, 
x 
Y aju(a) = = E(x), 
b=1 Dit 


a system that we can again resolve with respect to the ai , for the determinant of 
mn 
the jy (a) does not vanish, indeed. Thus, we obtain finally that equations of the 


form: 
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(6) i => Wujl a),- sug lly.) Eylrscsh,) 


(v=l--n; w=1--r) 


do hold true, which naturally reduce to identities after the substitution x{, = fy (x, a). 

At this point, the demonstration that the equations x; = fj(x, a) represent an r- 
term group is not at all difficult. 

Indeed, it is at first easy to see that the equations x; = f;(x, a) represent oo” distinct 
transformations, hence that the parameters a1,...,a, are all essential. Otherwise 
indeed, all functions f) (x, a),..., fr(x, a) should satisfy a linear partial differential 
equation of the form (cf. p. 

¥ ala. 5 = 


EL iss 
where the 7; would be free of x1,...,x,. On account of (6), we would then have: 
3 Xa ) Wij(a A) iv figs sale) =0 (v=l--n), 


whence, since X;(F),...,X;(F) are independent infinitesimal transformations: 


M- 


Xa) Vj(a) =0 (j=1r)5 


k=1 


but from this, it follows immediately: y;(a) = 0, ..., %-(a) = 0, because the deter- 
minant of the y,;(a) does not vanish identically. 

Thus, the equations x; = f;(x, a) effectively represent a family of oo” different 
transformations. But now this family satisfies certain differential equations of the 
specific form (6); we hence can immediately apply the Theorem 9 of Chap. [4] on 
p. According to it, the following holds true: if @,...,@, is a system of values of 
the a for which the the determinant )° + yi; (@)--- Y;,-(@) does not vanish, and the 
\j(a) behave regularly, then every transformation x; = f;(x, a) whose parameters 
a,-.-,d, lie in a certain neighbourhood of @,...,d,, can be obtained by firstly 
executing the transformation: 


ep = fi Rigen My, Age 01, Ay) (i=1---n) 


and then a transformation: 


=%i+ Yo AGulx)+--- (=1n) 
1 
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of a one-term group A; X1(f) +---+A,X;(f), where it is understood that A1,...,A; 
are appropriate constants. If we set in particular a, = ap we then get x; = x;, hence 
we see at first that the family of the oo” transformations x; = fi(x, a) coincides, in a 
certain neighbourhood of a?,...,a?, with the family of the transformations: 


X=M+Y Mg Geax) +-- 


(7) k=1 
(i=1--n). 
If, on the other hand, we choose @j,...,a, arbitrary in a certain neighbourhood 
of a ...,@°, then the transformation x; = f;(x, @) always belongs to the family (7). 


But if we first execute the transformation x; = f(x, @) and then an appropriate trans- 
formation: 


of the family (7), then by what has been said above, we obtain a transformation x; = 
fi(x, a), where a1,...,a,; can take all values in a certain neighbourhood of @,...,a,. 
In particular, if we choose a),...,a; in the neighbourhood of a’, — ay mentioned 
earlier on, which is always possible, then again the transformation x’ = f(x, a) also 
belongs to the family (7); Consequently, we see that two transformations of the 
family (7), when executed one after the other, do once again yield a transformation 
of this family. As a result, this family, and naturally also the family x; = f;(x, a) 
which identifies with it, forms an r-term group, a group which contains the identity 
transformation and whose transformations can be ordered as inverses in pairs. We 
can state the gained result as follows: 


Theorem 23. [fr independent infinitesimal transformations: 


x! _ - ! ! of 
Lo) =) cna set 57 (k=1--r) 
oz Xx, 
i=1 i 
2 The present goal is mainly to establish that if r infinitesimal transformations X,,...,X;, stand pairwise in the 


relationships [Xe, x il — Yj=1 Ckjs Xs, Where the cg js are constants, then the totality of transformations x’ =exp (AX + 
seep A,-X;) (x) constitutes an r-term continuous local Lie group; Theorem 24 below will conclude such a fundamental 


statement. Especially, the exponential family x’ = exp (A,X; +---+A,X,) (x) will be shown to be (after appropriate 
shrinkings) closed under composition, a property that we may abbreviate informally by expoexp = exp. 
However the Theorem 9 on p.[80Jonly said that f oexp = f, or in greater details: 


X= f (x4) x = exp (AX) (2) x = f(x; a) 
(*) - 9 J? — We 
a near a A near 0 a near @ 
But if we now apply this statement with 7 = a° being the system of values introduced while solving the complete 
system Q)(F) = --- = Q,(f) =0, then by construction, a° yields the identity transformation ¥ = f(x; a°) = x and we 


hence get in particular: 
x = exp (AX) (2) _ x = f(x) 
A near 0 ~ \ aneara® }° 


We can therefore replace by exponentials the two occurrences of the family f(x; a) in (*) to see that the exponential 
family is indeed closed under composition, as was shortly claimed in the text. 
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in the variables x',,...,x,, satisfy conditions in pairs of the form: 
r 
Xi(Xi(S)) — XG (XA) = VE nis Xf), 
s=l 


if furthermore r independent infinitesimal transformations: 


r Of 
Ax(f) = y Oi (41) ---,4r) > — (k=1---r) 
b=1 au 
in the variables a,,...,a, satisfy the analogous conditions: 


Ay (Aj(f)) —A;(Ae(f)) = y ee 


with the same Cxjs, and if, in addition, the determinant ¥) + 041 (a) «++ O(a) does 
not vanish identically, then one obtains in the following way the equations of an 
r-term group: one forms the r-term complete system: 


X(f)+A(f=0 baton) 


and one determines its general solutions relative to a suitable system of values ay = 
a. If x; = Fi(x,---,X,, 41,---,a,) are these general solutions, then the equations 
x, = fi(xX1,---,Xn, 41,---,4-) which arise from resolution represent an r-term con- 
tinuous transformation group. This group contains the identity transformation and 
for each one of its transformations, yet the inverse transformation; it is generated 
by the o"~! infinitesimal transformations: 


A Xi(f) +++ AX (f), 


where A,,...,A, denote arbitrary constants. By introducing new parameters in 
place of the a,, the equations of the group can therefore be brought to the form: 


lr AA; 
12 


4=u+y Ne Ski(x) + Xi Gay (i=1--n). 
k=1 


kj 


Obviously, even the equations x; = F;(x’, a) appearing in this theorem do repre- 
sent a group, and in fact, just the group x; = f;(x, a). 


41. 


The hypotheses which are made in the important Theorem 23 can be simplified in 
an essential way. 

The theorem expresses that the 2r infinitesimal transformations X;(f) and A;(f) 
determine a certain r-term group in the x-space; but at the same time, there is a 
representation of this group which is absolutely independent of the A;(f); indeed, 
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according to the cited theorem, the group in question identifies with the family of 
the oo”! one-term groups A; X;(f)+---+A,X;(f), and this family is already com- 
pletely determined by the X;(f) alone. This circumstance conducts us to the con- 
jecture that the family of the -o”—! one-term groups A; X(f) +---+A,X;(f) always 
forms an r-term group if and only if the independent infinitesimal transformations 
Xi(f),...,X;-(f) stand pairwise in relations of the form: 


(8) Xi (Xj(f)) — Xj (Xe(f)) = [Xe X =) CKjsX 


According to the Theorem 22, this condition is necessary for the -”—! one-term 


groups ), A;.X;,(f) to form an r-term group. Thus our conjecture amounts to the fact 
that this necessary condition is also sufficient. 

This presumption would be brought to certainty if we would succeed in produc- 
ing, for every system of the discussed nature, r independent infinitesimal transfor- 
mations in (q1,...,d;): 


ar 


Ody 


Ax(f) = y Oxy (A1,.--,4r) 


u=l 


which satisfy the corresponding relations: 
Ax(Aj(f)) —Aj(Ak(f)) = Y cejsAs 
s=l 


while, however, the determinant )° + 0; ---@,; does not vanish identically, or ex- 
pressed differently, while no relation of the form: 


yu K(1,+--,4r)AR(f) =0 


holds identically. 

With the help of the Proposition 5 in Chap. |4} p. we can now in fact always 
manage to produce such a system of infinitesimal transformations A;(f). Similarly 
as at that previous time, we set: 


=F En(e™,...,28) 22, 
i=1 


and we make up the r infinitesimal transformations: 


mit) = ¥, xl)(p). 


u=1 


168 9 Characteristic Relationships Between the Infinitesimal Transformations of a Group 


According to the stated proposition, these infinitesimal transformations have the 
property that no relation of the form: 


form an r-term complete system in the rn variables x/,...,x/,,°-: ex), 


This complete system possesses r(n — 1) independent solutions, which can be 
called u1,u2,...,U;n—r. Hence, if we select r functions y;,...,y, of the rn quantities 


xl! ) that are independent of each other and independent of w,...,U;n—-, we can 


(H) By this, 


iL 


introduce the y and the u as new independent variables in place of the x 
we obtain: 


7 r of m—r of 
Wi(f) = L Wi (Yr) aye + Xu Wy (ur) aie 


or, since all W;,(u;) vanish identically: 


Of 


: 
Wilf) = » Dkr (V15+++sYroW1y--+yMrn—r) a, 
n=l Yn 


where W,(f),...,W;(/) are linked by no relation of the form: 
y PK(V1 seer, U1,-- -,Urn—r) Wi(f) =0. 
k=1 


This property of the W;(f) remains naturally also true when we confer to the uz 
appropriate fixed values u®. If we then set @r(y,u°) = a@p_(y), the r independent 
infinitesimal transformations in the independent variables y,,...,y;: 
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and in addition, are linked by no relation of the form: 


du? (V1 y+ ++ Yr) Vel f) = 0. 


Consequently, the V;(/) are infinitesimal transformations of the required constitu- 
tion. So we can immediately apply the Theorem 23 p. [165]to the 2r infinitesimal 
transformations X)(f),...,X-(f), Vi(f),..-,V-(f) and as a result, we have proved 
that the oo”—! one-term groups ¥, A;,.X;.(f) constitute an r-term group. Therefore the 
following holds true: 


Theorem 24. [fr independent infinitesimal transformations: 


7] 
= bul X1,-- ey sf (k=1---r) 


stand pairwise in the relationships: 
(8) Xi (Xj(f)) — Xj (Xe(F)) = [Xe X => Giga 
where the cxjs are constants, then the totality of the oo”! 


A Xi(f) +--+ Ar Xr(f) 


one-term groups: 


forms an r-term continuous group, which contains the identity transformation and 
whose transformations are ordered as inverses in pairs! 


When we have r independent infinitesimal transformations: 


Ap f)jaxey Arf) 


which match the hypotheses of the above theorem, we shall henceforth say that 
Xi(f),-..-,X-(f) generate an r-term group, and we shall also virtually speak of the 
r-term group X1(f),...,X;(f). 


42. 


Let Xi(f),...,X-(f) be an r-term group in the variables x1,...,x, and Yj,...Yin(f) 
be an m-term group in the same variables. The relations between the X;(f) and the 
Yu(f) respectively may have the form: 


+ Lie, Math. Annalen Vol. 8, p. 303, 1874; Gottinger Nachrichten, 1874, p. 533 and 540; Archiv for Math. og Naturv. 
Christiania 1878. 
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Xi(Xji(f)) — , Chis™ = [X, Xj 
J J 


Yu (Y(f)) — Yy ( (Yu(f $$ gut = [Yu ¥v] 


(k, j= ler; WyV=1--m). 


Now, it can happen that these two groups have certain infinitesimal transformations 
in common. We suppose that they have exactly / independent such transformations 
in common, say: 


m 


=) gacXe(f)= Yhap Yu(f) Wie ivnl), 
k=1 p=1 


where the gj; and the hy ,, denote constants. Then every other infinitesimal transfor- 
mation contained in the two groups can be linearly deduced from Z;(f),...,Z)(f). 
But if we form the expressions: 


Zi (Zy(f)) —Zy (Za (f)) = Za, Zv] , 


we realize that they can be deduced linearly from X;(f),...,X,(f) and also from 
Yi(f),---,¥m(f) as well, hence that they are common to the two groups. Conse- 
quently, relations of the form: 


Za (Zv(f)) —Zv(Z, (f)) = [Za, Zv] = Y dived 


hold true, that is to say Z|(f),...,Z)(f) generate an /-term group. 
As a result, we have the 


Proposition 2. [f the two continuous groups: X\(f),...,Xr(f) and Yi (f),..-,¥mn(f) 
in the same variables have exactly | and not more independent infinitesimal trans- 
formations in common, then these transformations generate, as far as they are con- 
cerned, an l-term continuous group. 


43. 


If the equations x; = fj(x1,...,Xn, a1,---,@,) represent a family of oo” transforma- 
tions and if in addition they satisfy differential equations of the specific form: 


; 
= y? Wi j(a1, ee say) Eu(m, oa a) (i=1--n; kK=1--r), 
j=l 


then as we know, the r infinitesimal transformations: 
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a ) 
N= db ui(X1,- in) 5 (k=1--r) 


are independent of each other, and in addition, according to Theorem 21 on p. 
they are linked together through relations of the form: 


Xi (Xj(f)) —Xj(Xe(f)) = [Xe X =) CK jsX, 


Hence the family of the oo’—! one-term groups: 
Ay Xi(f) +++ + ArXr(f) 


forms an r-term group with the identity transformation. Consequently, we can state 
the Theorem 9 on p.|80Jas follows: 


Theorem 25. /f a family of 2" transformations: 
5 Fs Riaecg Aas Gigensan) (i=1+-n) 


satisfies certain differential equations of the form: 


=) Wij ( Qa\,- sign) Ca soi) (i=1--n; kK=1--r), 


and if a’, ...,@° is a system of values of the a for which the Wi.j(a) behave regularly 
and for which in addition, the determinant: 


y, = Wii (a) ++ Wrr(a) 


is different from zero, then every transformation x = f;(x,a) whose parameters 
a1,...,@, lie in a certain neighbourhood of a’, ...,a° can be thought to be produced 
by performing firstly the transformation X; = f;(x,a°) and secondly, a completely 
determined transformation: 


=T+ Ye +e | Getem 
k=1 


of the r-term group which, under the assumptions made, is generated by the r inde- 
pendent infinitesimal transformations: 


The above theorem is then of special interest when the equations x; = fj(x,a) represent an r-term 
group which does not contain the identity transformation at least in the domain ((a)). In this case, 
we will yet derive a few important conclusions. 
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Thus, let x = fi(x1,.--,Xn,@1,---,@,) be an r-term group without identity transformation, and 
assume that the two transformations: 


lpn yh ayy) 
He =H, yess sXes Digesnrde) 


hale 
l| 
sh 


executed one after the other produce the transformation: 


He = GAR cdag By Lino. 9Ce) = Fives 01 (a,b),...,@r(a,b)). 


Here, if we employ the previous notation, x,,...,x, lie arbitrarily in the domain ((x)), a),...,a, and 
b,,...,b, in the domain ((a)), while the positions of the x/, x’ and of the cy, are determined by the 
indicated equations. In addition, there are still differential equations of the specific form: 


ox. r 
i / 
rae = Wij (a1, i) CAR 3 x) 
j=l 
(i=1+-nsk=1--r). 
In what follows, By covagile and likewise DY ease should now denote a determined point 


[STELLE] of the domain ((a)) and g;(a°,b°) should be equal to c?. By contrast, by @,...,a%, we 
want to understand an arbitrary point in the domain (a), so that the equations: 


Xj = filx1,---,Xn, M1,---,A,) 


should represent any transformation of the given group. 

Every transformation of the form X; = fi(x,a@) can be obtained by performing at first the trans- 
formation x = f;(x,a°) and afterwards a certain second transformation. In order to find the latter 
transformation, we solve the equations x} = fi(x,a°) with respect to x1,...,Xn! 


! / 0 0 
Xj = Fi(e),.-- Xn) Qjy---G,) 


and we introduce these values of the x; in X; = fi(x,@). In this way, we obtain for the sought trans- 
formation an expression of the form: 


= / J = > F . 
(9) Re AG 9ccey hy Gig ensgAr) (i=1--n); 


we here do not write down the ap, because we want to consider them as numerical constants. 

The transformation (9) is well defined for all systems of values G in the domain (a) and its 
expression can be analytically continued to the whole domain of such systems of values; this follows 
from the hypotheses that we have made previously about the nature of the functions fj and Fj. 

We now claim that for certain values of the parameters a;,, the transformations of the family 
X; = ®;(x’, Z) belong to the initially given group x; = fi(x,a), whereas by contrast, for certain other 
values of the a, they belong to the group X1f,...,X,f with identity transformation. 

We establish as follows the first part of the claim stated just now. We know that the two transfor- 
mations: 


0 _ 
He GUM gk Rats Be snvagtle)y Ri = Fi My +004 Xqy Bigiaay Dr) 


executed one after the other produce the transformation x; = fi(x,c), where cy = ¢(a°,b); here, we 
may set for b1,...,b, any system of values of the domain ((a)), while the system of values c1,...,c; 
then lies in the domain (a), in a certain neighbourhood of o ...,¢9. But according to what has been 
said earlier, the transformation X; = f;(x,c) is also obtained when the two transformations: 
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oes eee cae) eee By Di pee X gs Atycveg Or) 
are executed one after the other and when one chooses @& = cx. Consequently, the transformation 
X; = ®;(x',@) is identical, after the substitution a = @;(a°,b), to the transformation x; = f;(x’,b), 
that is to say: all transformations X; = ®;(x' ,@) whose parameters a, lie in a certain neighbourhood 
of c9,...,c° defined through the equation a = 9(a°,b), belong to the presented group x, = fi(x,a). 

In order to establish the second part of our claim stated above, we remember the Theorem 25. If 
@,...,@, lie in a certain neighbourhood of a. ine a, then according to this theorem, the transfor- 
mation x; = f;(x,@) can be obtained by performing at first the transformation: 


x} = filx1,...,%n, a?,...,a°) 


and afterwards a completely determined transformation: 
a 

(10) H=At Yi Apgulx’)+-- 
k=1 


of the r-term group that is generated by the r independent infinitesimal transformations: 


Z 0 
A=), Builers sin) SE (k=1-+r). 
i=1 t 


From earlier considerations (cf. Chap. [4] proof of Theorem 9, p.[80), we know in addition that one 
finds the transformation (10) in question when one chooses in an appropriate way @,...,d, as inde- 
pendent functions of A,,...,A,; and when one then determines by resolution A,,...,A, as functions 
of @,...,@,-. But on the other hand, we also obtain the transformation X; = fi(x,@) when we at first 
execute the transformation x; = f;(x,a°) and afterwards the transformation ¥; = ;(x’,@). Conse- 
quently, the transformation x; = ®;(x’,@) belongs to the group generated by X,f,...,X,f as soon as 


the system of values @,...,d@, lies in a certain neighbourhood of a oth a Expressed differently: 
the equations x; = ®;(x’,@) are transferred to the equations (10) when @,...,a@, are replaced by the 
functions of A),...,A, discussed above. 


With these words, our claim stated above is completely proved. 

Thus the transformation equations x; = @;(x’,@) possess the following important property: if 
in place of the a, the new parameters b,...,b, are introduced by means of the equations a 
¢,(a°,b), then for a certain domain of the variables, the equations ¥; = ®;(x’,a@) take the form X; = 
fi(x’,b); on the other hand, if in place of the a, the new parameters A),...,A, are introduced, then 
for a certain domain, the equations x; = ®; (x! ,a) convert into: 


x =Xit YE An Geile!) +> ia) 
k=l 


Here lies an important feature of the initially given group x; = f;(x,a). Namely, when we in- 
troduce in the equations x; = f;(x,a) the new parameters @),...,@, in place of the a, by means of 
a = @(a°,a), then we obtain a system of transformation equations x; = ®;(x,Z) which, by perform- 
ing in addition its analytic continuation, represents a family of transformations to which belong all 
transformations of some r-term group with identity transformation. 

We can also express this as follows. 


Theorem 26. Every r-term group x; = fi(x1,.-.,Xn, 1,---,;@r) which is not generated by r indepen- 
dent infinitesimal transformations can be derived from an r-term group with r independent infinites- 
imal transformations in the following way: one sets up at first the differential equations: 
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sor = hy Wail) Ei’) (=1--nik=1--1), 


and one forms the finite equations: 
. 
x =mit YE Ae Ea) +o (i=1-~n) 
k=1 


of the r-term group with identity transformation which is generated by the r independent infinites- 
imal transformations X,f,...,X;f. Then it is possible, in these finite equations, to introduce new 
parameters @,...,@; in place of A,,...,A, in such a way that the resulting transformation equa- 
tions: 

He SOs dey cs hing Bigeye) (i=1--n) 


represent a family of %" transformations which embrace, after analytic continuation, all the ox" 
transformations: 
J 
X; = fil%1,...,%n)@1,---,Gr) 


of the group. 


44. 


Without difficulty, it can be shown that there really exist groups which do not contain the identity 
transformation and also whose transformations are not ordered as inverses by pairs. 
The equation: 
x’ =ax 


with the arbitrary parameter a represents a one-term group. If one executes two transformations: 


/ MN / 
x =X, x = bx 


of this group one after the other, then one gets the transformation: 


x" = abx, 

which belongs to the group as well. From this, it results that the family of all transformations of the 
form x’ = ax, in which the absolute value of a is smaller than 1, constitutes a group tod} Obviously, 
neither this family contains the identity transformation, nor its transformations order as inverses by 
pairs. 

Hence, if there would exist an analytic expression which would represent only those transforma- 
tions of the form x’ = ax in which the absolute value of a is smaller than 1, then with it, we would 
have a finite continuous group without the identity transformation and without inverse transforma- 
tions. 

Now, an analytic expression of the required constitution can effectively be indicated. 

It is known that the function; 


3 In the sought economy of axioms, what matters is only closure under composition. 
4 A presentation of this passage has been anticipated in Sect.[2.3] 
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rer 

— qv 
Jn, l-a 
can be expanded, in the neighbourhood of a = 0, as an ordinary power series with respect to a which 
converges as long as the absolute value |a| of a is smaller than 1. The power series in question has 
the form: 


>. kya" = a(a), 
R=l1 


where the k, denote entire numbers depending on the index W. Hence if we interpret the complex 
values of a as points in a plane, then @(a), as an analytic function of a, is defined in the interior of 
the circle of radius | which can be described [BESCHREIBEN] around the point a = 0. 

Furthermore, it is known that the function @(a) has no more sense for the a whose absolute value 
equals 1, so that the circle in question around the point a = 0 constitutes the natural frontier for @(a), 
across which this function cannot by analytically continued. 

We not set @(a) = A, and moreover, let |a°| < 1 and w(a°) = A°; then we can solve the equation 
@(a) = A with respect to a, that is to say, we can represent a as an ordinary power series in A — 0° 
in such a way that it gives: a= a° for A = A° and that the equation w(a) = A is identically satisfied 
after substitution of this expression for a. 

Let a = x(A); then x(A) is an analytic function which takes only values whose absolute value 
are smaller than 1; this holds true not only for the found function element which is represented in 
the neighbourhood of A = 2° by an ordinary power series in A — A°, but also for every analytic 
continuation of this function element. 

Hence if we set: 


= X(A)x, 


we obtain the desired analytic expression for all transformations x’ = ax in which |a| is smaller than 
1. If now we have: 


= 7) x: x" = 4(Az)x’, 


then it comes: 
x" = 4(A1) x (Aa) x; 


but this equation can always be brought to the form: 
x" =a (Aa)x; 


indeed, we have |7(A1) ¥(Az)| < 1; so if we set %(A1) % (Az) = &, we simply receive: A3 = @(@). 

With this, it is shown that the equation x’ = 7(A).x with the arbitrary parameter A represents a 
group. This group is continuous and finite, but lastly, neither it contains the identity transformation, 
nor its transformations can be ordered as inverses by pairs. Our purpose: the proof that there are 
groups of this kind, is attained with it. Besides, it is easy to see that in a similar manner, one can 
form arbitrarily many groups having this constitution. 


Remarks. In his first researches about finite continuous transformation groups, LIE has attempted 
to show that every r-term group contains the identity transformation plus infinitesimal transforma- 
tions, and is generated by the latter (cf. notably the two articles in Archiv for Math. og Naturvid., 
Bd. 1, Christiania 1876). However he soon realized that in his proof were made certain implicit as- 
sumptions about the constitution of the occurring functions; as a consequence, he restricted himself 
expressly to groups whose transformations can be ordered as inverses by pairs and he showed that 
in any case, the mentioned statement was correct for such groups (Math. Ann. Vol. 16, p. 441 sq.). 

Later, in the year 1884, ENGEL succeeded to make up a finite continuous group which does not 
contain the identity transformation and whose transformations do not order as inverses by pairs; this 
was the group set up in the preceding paragraph. 
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Finally, LIE found that the equations of an arbitrary finite continuous group with r parameters can 
in any case be derived, after introduction of new parameters and analytic continuation, from the equa- 
tions of an r-term group which contains the identity transformation and r independent infinitesimal 
transformations, while its finite transformations can be ordered as inverses by pairs (Theorem 26). 


§ 45. 


In Chap. |4} p. we found that every r-term group which contains r independent infinitesimal 
transformations has the property that its finite transformations can be ordered as inverses by pairs. 
On the other hand, it was mentioned at the end of the previous paragraph that this statement can be 
reversed, hence that every r-term group whose transformations order as inverses by pairs, contains 
the identity transformation and is produced by r infinitesimal transformations. We will indicate how 
the correctness of this assertion can be seen. 

Let the equations: 


/ A 
i = Fi(%1,-++,%ny Q1,++-:An) (i=1-~n) 
with r essential parameters a1,...,a,; represent an r-term group with inverse transformations by 
pairs. By resolution with respect to x1,...,X,, one can obtain: 
/ / : 
Xj = Fi(x},.--,X4, 1,---, Gr) (i=1--n) 
When the system of values €),...,€, lies in a certain neighbourhood of €; = 0, ..., €- = 0, then 


we can execute the two transformations: 


/ / 
Xj = F(X, +++ )%ny Q1,--+ 4p) 
Ui 
x; = filti,-.-,4n, G1 + E1, -.-, 4p +E) 
one after the other and we thus obtain a transformation: 
I / / 
xf = fi(FiQ’,a),...,Fn(v’,a), ai +€1, ..., a, +&) 


which likewise belongs to our group and which can be expanded in power series with respect to 
E1566 5 Ep: 


| Ofi(x,4) 


11 "yt ae 
" a ee Say 


| x=F (x',a) 


If we set here all €, equal to zero, then we get the identity transformation, which hence appears 
to our group. If on the other hand we choose all the & infinitely small, we obtain transformations of 
our group which are infinitely little different from the identity transformation. 

For brevity, we set: 


O fi(x,a) ene 
(12) —— | cur HO" 


so that the transformation (11) hence receives the form: 


¥ 
I / / 7 
Xj =x7+Y) Eq Ni (x a) +++ (i=1-n). 
k=1 
Then, in the variables xy ,...,x, we form the r infinitesimal transformations: 


“on? 
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n P) 
Vy = yo Ni (x',a) cf (k=1--r), 
i=1 k 


which are certainly independent from each other for undetermined values of the ax. Indeed, on the 
contrary case, the would be r not all vanishing quantities p),...,0, which would not depend upon 
X/,--.,x}, Such that the equation: 


Y peXif =0 
i=l 


would be identically satisfied; then the n relations: 


Px N(x’ ,a) =0 (i=1--n) 


would follow and in turn, these relations would, after the substitution x, = f;(x,a), be transferred to: 


fi gon (x,a) | ; 
Pk = Oop =0 (i=1+-n)3 


but such relations cannot exist, since according to the assumption, the parameters are essential in the 
equations x; = f;(x,a) (cf. Chap.2] p.[14). 

From this, we then conclude that Y/f,...,¥/f also remain independent from each other, when 
one inserts for a),...,a,; some determined system of values in general position. If @,...,@, is such 
a system of values, we want to write: 


Ta (x ,@) = Sqi(x’); 


then the r infinitesimal transformations: 
n 0 
Xif = yy Exi(x’) ss (k= 1-7) 


are also independent of each other. It remains to show that our group is generated by the r infinitesi- 
mal transformations X/f. 

We execute two transformations of our group one after the other, namely firstly the transforma- 
tion: 


: 
xf =xj+) eeta(e'a) +, 
k=1 


and secondly the transformation: 


. 
x =X t+ Vo Oena(x” a) +++ 
k=1 


=x/+¥ oeEu(e") + 
k=1 


If, as up to now, we only take into consideration the first-order terms, we then obtain in the indicated 
way the transformation: 


r r 
a =F Vy ema) + Yoga) ++, 
k=1 k=1 
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which belongs naturally to our group, and this, inside a certain region for all values of the parameters 
a, €, 0. 

If there would be, amongst the infinitesimal transformations Y/f,...,Y/f, also a certain number 
which would be independent of X{f,...,X/f, then the last written equations would, according to 
Chap. |4} Proposition 4, p. represent at least oo” +! different transformations, whereas our group 
nevertheless contain only oo” different transformations. Consequently, each transformation Y;f must 
be linearly expressible in terms of X;f,...,X/f, whichever values the a can have. By considerations 
similar to those of Chap. [4]one now realizes that r identities of the form: 


7 
Yf= 3 We j(G1,--- ar) Xif (k=1--r) 
j=l 


hold true, where the y;,; behave regularly in a certain neighbourhood of a, = a; in addition, the 
determinant of the yj; does not vanish identically, since otherwise Y/f,...,¥/f would not anymore 
be independent infinitesimal transformations. 

At present, it is clear that the 1,;(x’,a) can be expressed as follows in terms of the &j;(x’): 


il’, a) )= Ev a) Eji(x oe 


Finally, if we remember the equations (12) which define the functions n,4;(x’,a), we realize that 
the differential equations: 


-¥ Wiej(a aeay ’) 


(i=1---n; kK=1--r) 


(13) 


are identically satisfied after the substitution x; = fi(x,a). 

As a result, it has been directly shown that every group with inverse transformations by pairs 
satisfies certain differential equations of the characteristic form (13); insofar, we have reached the 
starting point for the developments of Chap.[] Sect. 

Now, if it would be possible to prove that, for the parameter values ad, ...,@9 of the identity trans- 
formation, the determinant of the \f.j(a) has a value distinct from zero, then it would follow from 
the stated developments that the group x, = f;(x,a) is generated by the r infinitesimal transforma- 
tions Xf,...,X,f. But now, it is not in the nature of things that one can prove that the determinant 
Y+wi1(a°)--- w;-(a°) is distinct from zero. One can avoid this trouble as follow] 

One knows that the equations: 


‘ 
xp=uit Yo ex Eei(x) + 
k=l 


(i=1---n) 


(14) 


represent transformations of our group x; = f;(x,a) as soon as the &; lie in a certain neighbourhood 
of €; = 0, ..., €& = 0; besides, one can show that one obtains in this way al// transformations 2; = 
fi(x,a) the parameters of which lie in a certain neighbourhood of a’, ...,a°. Now, if one puts the 
equations (14) at the foundation, one easily realizes that the x’, interpreted as functions of the € and 
of the x, satisfy differential equations of the form: 


> For (local) continuous finite transformation groups containing the identity transformation, this property has already 
been seen in Sect.B.4] 
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: 
a ) Van €1,.-.,€ ee aig ea) 
(i=1--n3k=1--r), 


where now the determinant of the 7; le) for €; = 0, ..., €& =0 does not vanish. In this way, one 
comes finally to the following result: 

Every r-term group with transformations inverse by pairs contains the identity transformation, 
and in addition r independent infinitesimal transformations by which it is generated. 


§ 46. 
Consider r independent infinitesimal transformations: 
: a 
AE = y ee ee (k=1--7) 
v=1 Oxy 


which satisfy relations in pairs of the form: 


(8) Xi(Xi(f)) — Xe (Xi(f)) = [Xi, Xi] = ¥ iol 


(i,k=1--r), 


with certain constants cj;,;, so that according to Theorem 24 p.|169} the totality of 
all one-term groups of the form: 


MX1(f) +++ +ArX-(f) 


constitutes an 7-term group. We will show that, as far as they are concerned, the 
constants c;z, in the above relations are then tied up together with certain equations. 

To begin with, we have Xi, X;| == [Xe Xi , from which it comes immediately: 
Ciks = —Ckis. When the number r is greater than 2, we find still other relations. 
Indeed, in this case, there is the Jacobi identity (Chap. [5] § 26, p.[Z7) which holds 
between any three X;f, X;f, X;f amongst the r infinitesimal transformations 


AL] seg Me lf: 
[ [Xi Xe] Xj] + [ [Xe Xj], Xi] + [[Xj, Xi] Xe] = 0 
(i,k, j=1--n). 
By making use of the above relation (8), we obtain firstly from this: 


r 


> {cits [Xs, Xj] +ckjs (Xs, Xi] +c jis [Xs Xi] } =0, 


s=l 


and then by renewed applications of this relation: 
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(esse 
y? {cits Cs jt + Ck js Csit + C jis Coke \ Xrf =0. 


8,7 


But since the infinitesimal transformations X,f are independent of each other, this 
equation decomposes in the following r equations: 


P 
(15) d { cits Cs jt + Ckjs Csit TC jis Cs } =0 
(t=1--r). 


Thus the following holds. 


Theorem 27. [ilar r independent infinitesimal transformations X,f ,...,X;f are con- 
stituted in such a way that they satisfy relations in pairs of the form: 


(3) Xj (Xe(f)) — Xe (Xi(f)) = [Xi, Xe] = 3 Ciks Xs(f) 
s=l 


Gk=1 “T), 


with certain constants Cjxs, so that the totality of all "~! one-term groups of the 
form: 


A Xi(f) +--+ ArX-(f) 


forms an r-term group, then between the constants Cixs, there exist the following 
relations: 


Cikt + Ckit = 0 


: 
(16) y { Ciks Cs jx + Ckjs Csit +C jis Coke } = 0 


s=1 


(i,k, j,T=1+--1r). 


The equations (16) are completely independent of the number of the variables 


X1,---,Xpy in the infinitesimal transformations X)(f),...,X,(f). Hence from the the 
preceding statement, we can still conclude what follows: 
Even if the number n of the independent variables x;,...,x, can be chosen in 


an completely arbitrary way, one nevertheless cannot associate to every system of 
constants Cixs (i,k,s=1--r) r independent infinitesimal transformations: 


n 0 
KN= YL Ewlery sm) SE etn 
v=1 


Xy 


which pairwise satisfy the relations: 


¥ Lie, Archiv for Math. og Naturv. Bd. 1, p. 192, Christiania 1876. 


aah: 181 
; 
[Xi, Xk] =) cits Xs(f) (i,k=1--r). 
s=l 


Rather, for the existence of such infinitesimal transformations, the existence of the 
equations (16) is necessary; but it also is sufficient, as we will see later. 


Unless the contrary is specially notified, in all the subsequent studies, we shall 
restrict ourselves to the r-term groups which contain r independent infinitesimal 
transformations: 

Of 


X = i geeeotn) ZF 9 
ae be (x1 *n) 5 


and so, which are generated by the same transformations. Here, we shall always 
consider only systems of values x,,...,X, for which all the &; behave regularly. 

Further, we stress once more that in the future, we shall often call shortly an r- 
term group with the independent infinitesimal transformations X,f,...,X;f by “the 
group X,f,...,X;f”. Amongst the various forms the finite equations of the r-term 
group X,f,...,X;f can be given, we shall call the following: 


xe=mit Yen bulx)+-- se 
k=1 


by “a canonical form” of the group. 


Chapter 10 

Systems of Partial Differential Equations 
the General Solution of Which 

Depends Only Upon a Finite Number 

of Arbitrary Constants 


In the variables x1,...,Xn, Z1,---,;Zm let us imagine that a system of partial differ- 
ential equations of arbitrary order is given. Aside from x1,...,Xn, Z1,---;Zm, such a 
system can only contain differential quotients of z,,...,Zm with respect to x1,...,Xn, 
so that we have hence to consider x;,...,x, as independent of each other, while 
Z1,--+;Zm are to be determined as functions of x;,...,X, in such a way that the sys- 
tem be identically satisfied. 

Our system of differential equations shall not at all be completely arbitrary, but it 
will possess certain special properties. We want to assume that, in the form in which 
it is presented, it satisfies the following conditions. 


Firstly. If s is the order of the highest differential quotient occurring in the system, 
then by resolution of the equations of the system, all s-th order differential quotients 
of Z1,..-,Zm With respect to x,,...,X, are supposed to be expressible in terms of the 
differential quotients of the first order up to the (s — 1)-th, and in terms of z1,...,Zm, 
X1,...,X,. By contrast, it shall not be possible in this way to express all differential 
quotients of order (s — 1) in terms of those of lower order and in terms of z1,...,Zm:; 
X1,---5Xy- 

Secondly. By differentiating once the given system with respect to the individual 
variables x;,...,X, and by combining the obtained equations, it shall result only 
relations between x1,...,Xy, Z1,---;Zm and the differential quotients of order (s— 1) 
which already follow from the given system. 


We make these special assumptions about the form of the given system for 
reasons of convenience. Naturally [SELBSTVERSTANDLICH], all subsequent consider- 
ations can be applied on the whole to every system of partial differential equations 
which can, trough differentiations and elimination, be given the form just described. 

According to the known theory of differential equations, it results without dif- 
ficulty that every system of differential equations which possesses the properties 
discussed just now is integrable and that the most general functions z1,...,Zm of 
X1,..-,Xn which satisfy the system depend only on a finite number of constants. 

We want now to give somewhat different reasons to this proposition, by reducing 
the discussed problem of integration to the problem of finding systems of equations 


183 
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which admit a certain number of given infinitesimal transformations; on the basis of 
the developments of Chap.[/| we can indeed solve the latter problem straightaway. 

On the other hand, we will also show that the mentioned proposition can be in- 
verted: we will show that every system of equations: 


Sp — Zp Mijn spe, Bi joees (u=1--m) 


which contains a finite number r of arbitrary parameters a, represents the most 
general system of solutions for a certain system of partial differential equations. 
For us, this second proposition is the more important; we shall use it again in the 
next chapter. 
Therefore, it appears to be desirable to derive the two propositions in an indepen- 
dent way, without marching into the theory of total differential equations. 


47. 
Let the number of differential quotients of order k of z,,...,2Z,, with respect to 
X1,...,X, be denoted €;. For the differential quotients of order k themselves, we 
introduce the notation po”, where 7 has to run through the values 1,2,...,&; but 
we reserve us the right to write simply z1,...,Zm instead of p”, er ps. Lastly, 
we also set: «) 
OP; _ y(t) 
Ox J a 
so that Oe hence denotes one of the e,; differential quotients of order (k + 1). 
According to these settlements, we can write as follows: 
Wi (x, zy p, sey pe) a 0, Bee W(x, zy p, sievesy ps) — 0 
o (s—1) __ (1) (s—1) ; 
Pij = Pij(x, Z, p oe a ) (i=1--€s;—15 f=l--n) 


the system of differential equations to be studied. 


We assume here that the equations W; = 0, ..., W, = 0 are independent of each 


(s—1) 


other. The n€,_; equations p = P;; are independent of the W = 0, but they are 


ij 

, é =i 

not of each other, because indeed the n€,_; expressions ps ) do not represent only 
distinct differential quotients of order s. However for what follows the above way of 
writing is more convenient than if we had written the system of equations (1) under 


the form: 
Wi = 0, feng Wy = ’ po =Fi(x, zy p),..., pS-P) (i=1-+€5). 


Now, by hypothesis, our system of equations (1) has the property that by differ- 
entiating it once with respect to the x, no new relation between the x, z, p), a 
p&—) is produced. All relations between the x, z, p), ..., pS) which come out 
by differentiating once (1) must hence be a consequence of W; = 0,..., W, = 0. 
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Obviously, we find the relations in question by differentiating (1) with respect to 
the n variables x1,...,X, and afterwards, by taking away all differential quotients 
of order (s+ 1), and by substituting all differential quotients of order s by means 
of (1). 

By differentiation of W, = 0 and then by elimination of the differential quotients 
of order s, we receive the equations: 


OW, a (0) OW (1) OWe 
Oxy L Vv Oz: d Piv >) eas 
Es_2 Es—] 
s—2) OW, OW, _ 
+Yoe, Piy ppd th Pee 9 
Pj = Pj 
(kK=1---q; V=1--n). 

By the above, these equations are a consequence of W; = 0, ..., W, = 0. In other 
words: the system of equations W, = 0, ..., Wg = 0 in the variables x, z, p), er 


ps-) admits the n infinitesimal transformations: 


5+ Pw pw) st cao 


2 = e) 
@) +y PS Lao ee 
ap| i= 7] 


1 


(v=1---n). 


in these variables (cf. Chap.{Z| p. ; 
If on the other hand, one differentiates the equations ps?) = P;; with respect to 
xy and then eliminates all differential quotients of order s, then one obtains: 


At) s-t) 
Oxy Pij ~ Oxyax) 


= Qy (Pj). 


One has still to take away all the differential quotients of order (s+ 1) from these 
equations. One easily realizes that only the following equations come out: 


Qy(P;;) — Q;(Piy) = 0 
(v,jal--n; i=1--€_1), 


(3) 


which likewise must hence be a consequence of W; = 0,..., W, = 0. 

With this, the properties of the system (1) demanded in the introduction are for- 
mulated analytically. 

Now, we imagine that an arbitrary system of solutions: 


= Of Mecmekgh siod R= Oe Mics ta) 
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of the differential equations (1) is presented. By differentiating this system we ob- 


tain that the Pp), aus pe), p) are represented as functions of x1,...,Xn: 
age) 
I 1 smi =| smi - 
p = i xr, a gdh Sieiey pe = og Moxr, -_ soon): ae! = > 
v 


and when we insert these expressions, and the expressions for z1,...,Zm aS well, 
inside the equations (1), we naturally receive nothing but identities. From this, it 
results that the equations W; = 0, ..., W, = 0 in their turn convert into identities 
after the substitution: 
(4) 

cu = Pu(X1,- a4 Xn) p = cee a :Xn); eae Pi, = Q;, 


(U=1--m; ip=1- &)5 


clearly, we can also express this as follows: the system of equations (4) embraces 
[umFassT] the equations W; = 0, ..., Wy = 0. 

Furthermore, we claim that the system of equations (4) admits the infinitesimal 
transformations Q,f,...,Q,f discussed above. 

Indeed at first, all the expressions: 


0) _ 9 Pu 
Qy (Zu Pu) = Puv— Dey 
ag! !) 
I I 1 i 
roa = 9 ” = py ~ an 
ag’? 
(s—2) (s—2) (s—2) is_2 
Qy (pi, 2 2 ) ~~ Fis_oVv a Oxy 
vanish by means of (4), since the equations (4) come from z, — @, = 0 by differen- 
tiation with respect to x1,...,Xn. But also the expressions: 
aoe) 
(s-1) _(s-1)) __ p ae 
Qy (Pi, — ae ) _ Piiv _ Oxy 


vanish by means of (4), since the equations: 


sil 
p =P, oy 


Iy_1V 
are, as already said above, identically satisfied after the substitution: 


) 


; fs-1V Oxy 


ag’! 
1 1 s—1 s—1 s—l Ts— 
Zu = Qu, pi) = te seca pe e owe 
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As aresult, our claim stated above is proved. 

Conversely, imagine now that we are given a system of equations of the form (4) 
about which moreover we do know neither whether it admits the infinitesimal trans- 
formations 22; f,...,Qnf, nor whether it embraces the equations W; = 0,..., Wy = 
0. 

Clearly, the equations (4) in question are all created by differentiating the equa- 
tions Z, = @y with respect to x},...,Xn. In addition, since under the made assump- 
tions, the equations: 


2y (25, - 98,”) =P w-—- =0 


Is Is 


are a consequence of (4) and likewise, of the equations W; = 0, ..., W, = 0, then 

the system of equations (1) will be identically satisfied when one executes the sub- 
s-l 

stitution (4) in it, and then sets also pe?) = ae Consequently, the equations 

Zu = My represent a system of solutions for the differential equations (1). 

From this, we see: every solution zy, = @, of the differential equations (1) pro- 
vides a completely determined system of equations of the form (4) which admits 
the infinitesimal transformations Q)/f,...,@Q,f and which embraces the equations 
W, = 0, ..., Wy =0; conversely, every system of equations of the form (4) which 
possesses the properties just indicated provides a completely determined system 
of solutions for the differential equations (1). Consequently, the problem of deter- 
mining all systems of solutions of the differential equations (1) is equivalent to the 
problem of determining all systems of equations of the form (4) which admit the in- 
finitesimal transformations Qf ,...,Qnf and which in addition embrace the equa- 
tions W, = 0, ..., Wg = 0. If one knows the most general solution for one of these 
two problems, then at the same time, the most general solution of the other system 
is given. 

But we can solve this new problem on the basis of the developments of Chap. 
p.[129]sq. 

According to Chap. [/| Proposition 5, p.|5) every sought system of equations ad- 
mits, simultaneously with Q,f,...,Q,f, also all infinitesimal transformations of 
the form Qy (Q;(f)) — Q;(Qy(f)). By computation, one verifies that: 


since the expressions: 
k k 
Qy(p) ~2;(p?) 
all vanish identically, as long as k is smaller than s — 1. But now, we have seen above 


that the equations (3): 
Qy(Pij) — 2;(Fiv) =0 
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are a consequence of W; = 0, ..., W, = 0. Consequently, for the systems of values 

x, z, DY, ..., pS) of the system of equations W, = 0, ..., W, = 0, there exist 
y q q 

relations of the form: 


Qy (Qj(F)) - Qj (QV(F)) = Y Ove z PPP) Qef (via tm), 
t=1 


where the functions @y jz are all equal to zero and behave regularly for the systems 
of values of W| = 0,..., W, =0. 

In addition, it is still to be underlined that amongst the n x n determinants of the 
matrix: 


E. 


0 s—2 
10--- 0 p\? = o Pave Pag 


00+ 1 phy + Peon Pin Poa 
one has the value 1, and thus cannot be brought to zero for any of the sought systems 
of equations. 

From this, we see that we have in front of us the special case whose handling 
was given by Theorem 19 in Chap. [/J p. With the help of this theorem, we 
can actually set up all systems of equations which admit 2) f,...,Q,f and which 
embrace the equations W; = 0, ..., W, = 0. There is no difficulty to identify such 
systems of equations which can be given the form (4). 

From one system of equations which admits the infinitesimal transformations 
Q1f,..-,Qnf, one can never derive a relation between the variables x,,...,x,. This 
follows from the mentioned theorem and also can easily be seen directly. As a result, 
it is possible to solve the equations W; = 0, ..., W, = 0 with respect to g, amongst 
& +€1 +--+: +&_1, of the quantities z, p“),..., p-)). When we do that, we re- 
ceive q of the Y & variables z, p\), ..., p&—!) expressed by means of the )) & —q 
remaining ones and by means of x1,...,Xp. 

Thanks to these preparations, we can form the reduced infinitesimal transforma- 
tions about which it is question in the mentioned theorem. We obtain them when 
we leave out all differential quotients of f with respect to the g considered variables 
amongst z, p), as ps) and afterwards, by substituting, in the remaining terms, 
each one of the g variables with its expression by means of the ) & — q left ones 
and the x. 

The so obtained n reduced infinitesimal transformations, which we can denote 
by Q)f,...,Q,f, contain n—g+¥, & independent variables and stand in addition 
pairwise in the relationships: 


2y(Qi())-Bj@v(f))=0 jen), 


according to the mentioned theorem. = = 
Consequently, the n mutually independent equations Q, f =0,..., Qnf =0 form 
an n-term complete system with the )° € —q independent solutions: uv), u2, ..., 
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Uy ¢,—q- If these solutions are determined, then one can indicate all systems of equa- 
tions which admit the infinitesimal transformations Q)/f,...,Q,f and which em- 
brace the equations W; = 0,...,W, =0. The general form of a system of this kind 
is: W; =0, ..., W, = 0 together with arbitrary relations between the )’ & — q solu- 
tions u. 

However now, the matter is not about all systems of equations of this kind, but 
only about those which can be brought to the form (4). Every system of equations 
of this constitution contains exactly )’ € equations, hence can be given the form: 


(5) W, = 0, weey W, = 0, uy =a, .--., Uy e.—q = 4 e,.-q 


where the a denotes constants. But every system of the form just indicated can be 
solved with respect to the Y €& variables z, p), ..., p®—)), since it admits the in- 
finitesimal transformations 2) f, ..., Q,,f. If we perform the resolution in question, 
we then obtain a system of equations: 


1) = TT (04... ny @j500, <=. ); 


iy iy 


(5’) apie ”) == The (01405 %n; @1,2,-+-) 


is] 


Epp = Ly (Wy 0045 %ny G152,+-0) 5 


(MSI sms ig=1-~&) 


which satisfies all the stated requirements: it admits the infinitesimal transforma- 
tions Q)f,...,Q,f, it embraces the equations W; = 0, ..., W, = 0, and it possesses 
the form (4). At present, when we consider the )’ & — g constants a as arbitrary 
constants, we therefore obviously have the most general system of equations of the 
demanded constitution. 

From this, it follows that according to what has been said, the equations: 


(6) Zp = Zy (1, +++4Any 41, 42,.--) (u=1--m) 


represent a system of solutions for the differential equations (1) and in fact, the 
most general system of solutions. We now claim that in this system of solutions, the 
Y. & — gq arbitrary constants a are all essential. 

To prove our claim, we remember that the equations (5’) can be obtained from 
the equations z,, = Z,, by differentiation with respect to x),...,X, provided that the 
p), p, ... are again interpreted as differential quotients of the z with respect to 
the x. Now, if the )’ €& — gq parameters a in the equations (6) were not essential, then 
the number of parameters could be lowered by introducing appropriate functions of 
them. But with this, according to what precedes, the number of parameters in the 
equations (5’) would at the same time be lowered, and this is impossible, since the 
equations (5’) can be brought to the form (5), from which it follows immediately 
that the parameters a in (5’) are all essential. This is a contradiction, so the assump- 
tion made a short while ago is false and the parameters a in the equations (6) are all 
essential. 

We can hence state the following proposition. 
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Proposition 1. /f a system of partial differential equations of order s of the form: 


9 Ly Sy te ee a ae ~ 
Py * Oy "Oa Oe, 


Fa y.--ohm Zhe (o=1,2,:--) 


possesses the property that all differential quotients of order s of the z with respect 
to the x can be expressed by means of the differential quotients of lower order, by 
means of Z1,..-,;Zm and by means of x1,...,Xn, while the corresponding property 
does not hold in any case for the differential quotients of order (s —1), and if in 
addition, by differentiating it once with respect to the x, the system produces only 
relations between x1,...,Xn; Z1,--+;Zn and the differential quotients of the first order 
up to the (s —1)-th which follow from the system itself, then the most general system 
of solutions: 
Zp = Py (*1,---,%n) (u=1---m) 


of the concerned system of differential equations contains only a finite number of 
arbitrary constants. The number of these arbitrary constants is equal to &) + €| + 
--» + €, 1 —q, where € denotes the number of differential quotients of order k of 
Z1,-++;Zm With respect to X1,...,Xn, and where q is the number of independent rela- 
tions which the system in question yields between x,,...,Xn, Z1,---;Zn and the differ- 
ential quotients up to order (s — 1). One finds the most general system of solutions 
Zu = Oy itself by integrating an n-term complete system in n— q+ €) +++: + €s—1 
independent variables. 


For the proof of the above proposition, we imagined the equations W; = 0, ..., 


W, = 0 solved with respect to q of the quantities z, p\!), ..., p°~!). In principle, it 
is completely indifferent with respect to which amongst these quantities the equa- 
tions are solved; but now, since the equations W; = 0, ..., W, = 0 are differential 


equations and since the p), p), ... denote differential quotients, it is advisable to 


undertake the concerned resolution in a specific way, which we want to now explain. 

At first, we eliminate all differential quotients p), p), ps) from the 
equations W; = 0, ..., W, = 0; then we obtain, say, Vo independent equations be- 
tween the x and z alone, and so we can represent Vo of the z as functions of the 
&) — Vo = M— Vo remaining ones, and of the x. 

We insert the expressions for these Vo quantities z in the equations W; = 0, ..., 
W, = 0, which now reduce to g— Vo mutually independent equations. Afterwards, 
from these g — Vo equations, we remove all the differential quotients p'?), ..., p&—!) 
and we obtain, say v; mutually independent equations by means of which we can 
express v; of the quantities pi) in terms of the €; — vj remaining ones, in terms of 
the & — Vo of the z and in terms of x1,...,Xy. 

If we continue in the described way, then at the end, the system of equations 
W, = 0, ..., W, =0 will be resolved, and to be precise, it will be resolved with 
respect to Vv; amongst the €; differential quotients p), where it is understood that k 
is any of the numbers 0, 1, 2,...,s— 1. Here, the concerned v;, amongst the p) are 
each time expressed in terms of the €& — Vv, remaining ones, in terms of certain of 
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the differential quotients: pt). Hie p), p, and in terms of the x. Naturally, the 


sum Vo + Vj +---+Vs—1 has the value q. Lastly, it can be shown that v; is always 
smaller than &€;. Indeed at first, V;_; is certainly smaller than €,_;, because we have 
assumed that in our system of differential equations, not all differential quotients of 
order (s — 1) can be expressed in terms of those of lower order, and in terms of the 
x. But if any other numbers v; would be equal to €, we would have: 


pW =Fx, z, pp), ..., p*)) (i=1,2- &) 5 


now, since the system of equations W; = 0, ..., W, =0 admits the infinitesimal 
transformations Q,f,...,Q,f, then all systems of equations: 


k 
pi) = Qy (Fi) (i=1 + €3 V=1--n) 
would be consequences of W; = 0, ..., Wy = 0, so one would also have vy) = €&+1 
and in the same way Vg+2 = €42, ---, Vs—1 = €s—1, and this is impossible according 
to what has been said. 
Once we have resolved the equations W; = 0, ..., W, = 0, then with this at the 


same time, the system of differential equations (1) is resolved in a completely de- 
termined way, namely with respect to v, of the €; differential quotients of order k, 
where it is understood that k is any of the numbers 0, 1, 2, ..., 5. At each time, the 
Vv, differential quotients of order k are expressed in terms of the €& — Vv, remaining 
ones of order k, in terms of those of lower order, and in terms of the x. 

If one knows all the numbers € and v;, then one can immediately indicate the 
number of arbitrary constants in the most general system of solutions of the dif- 
ferential equations (1). Indeed, according to the above proposition, this number is 
equal to: 


fp bi 4 Bet SG = (60 = Vo) (ep Vi) et ve) 
48. 
Conversely, consider a system of equations of the form: 


Sig = Zi (Ai gs vag Mey Ql psag Or) 


(7) 

(U=1--m), 
in which x;,...,X, are interpreted as independent variables, and a,,...,a, as arbi- 
trary parameters. The r parameters a), ...,a, whose number is finite can be assumed 


to be all essential. 

We will prove that there is a system of partial differential equations which is free 
of a1,...,a, whose most general solution is represented by the equations (7). 

By differentiating the equations (7) with respect to x;,...,X,, we obtain the ones 
after the others equations of the form: 
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(71) pi? =z! Macq, 2. jXny Qty 00+y4p) (i=1-- 1) 
(72) p”? = Z) (x15... 4Xny Ay <5 Ar) (i=1---€), 
and so on. 


Now, by means of the equations (7), a certain number, say Vo, of the a can be 
expressed in terms of the r— Up remaining ones, and in terms of the x and the z. 
By taking together the equations (7) and (71), we can express Uo + MH; of the a in 
terms of the r— Up — LW) remaining ones, in terms of the p\), the z and the x. In 


general, if we take the equations (7), (71), ..., (7%) together, we can then express 
Mo + M1 +---+ px of the quantities a in terms of the r — Up — --- — Ly remaining 
ones and in terms of the p), pit1), ies Pp), z, x. Here, Uo, ly, ... are entirely 


determined positive entire numbers. 

Naturally, the sum Mp + MH; +--+ Lx is at most equal to r; furthermore, the num- 
ber [Uo is in any case different from zero, because we can assume that r is bigger than 
zero. Consequently, there must exist a finite entire number s > | having the property 
that Uo, 1, ..., Us—1 are all different from zero, but the number UU, vanishes. Then 
if the said quantities amongst a,,...,a, are determined from the equations (7), (71), 
..., (75-1) and if their values are inserted in the equations (7,), then one obtains 
only equations which are free of a,,...,a,-; because on the contrary case, one could 
determine more than [lp +---+ Ls—1 of the quantities a from the equations (7), (71), 
..+, (7s), SO one would have LL; > 0, which is not the case according to the above. 

As a result, by eliminating a,,...,a, from the equations (7), (71), ..., (75), we 
obtain the following equations: 


Firstly, €, equations which express all the €, differential quotients p) in terms 
of the ps9, ee p), z, xX, and: 

Secondly: yet € — Uo + €) — Wy +--+: +€s—1 — Us—1 mutually independent equa- 
tions between the x, z, p!),..., po-) 

It is easy to see that the so obtained system of differential equations of order s 
possesses all properties which were ascribed in Proposition 1, p.[190]to the differ- 
ential equations Fg (x, z; ge ie J) : 

Indeed, all €, differential quotients of order s are functions of the differential 
quotients of lower order, and of the x; however, the corresponding property does 
not hold true for the differential quotients of order (s— 1), because the number L;_1 
discussed above is indeed different from zero. Lastly, by differentiation with respect 
to the x and by combination of the obtained equations, it results only relations be- 
tween the x, z, p), a ps) which follow from the above-mentioned relations. 
Indeed, the equations (7), (71), ..., (7s—1) and the ones which follow from them 
are the only finite relations through which the quantities a,,...,d;, x, Z, p), ere 
pe) are linked; hence when we eliminate the a, we obtain the only finite relations 
which exist between the x, z, p), ee ps9, namely the €&) — Uo +-°--+& —1 — Us—1 
relations mentioned above. 
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The Proposition 1 p. can therefore easily be applied to our system of differ- 
ential equations of order s. The numbers v,; defined at that time are equal to €j — LU, 
and the number g has hence in the present case the value: 


€o — Uo +--+ + Es—1 — Us_1, 


and therefore the most general system of solutions of our differential equations con- 
tains precisely Ug +H; +-:-+Us—1 arbitrary constants. Now, since on the other hand 
the equations (7) also represent a system of solutions for our differential equations, 
and a system with the r essential parameters a;,...,@,; as arbitrary constants, it fol- 
lows that the number Up + ---+ Us—1, which is at most equal to r, must precisely be 
equal to r. In other words: the equations (7) represent the most general system of 
solutions of our differential equations. 
As a result, we have the 


Proposition 2. [f z1,...,Zm are given functions of the variables x,,...,Xn, and of a 
finite number of parameters ay,..., dy: 
Sp = 2g My + a5 Nay Qiy seg hy) (u=1--m), 


then there always exists an integrable system of partial differential equations which 
determines the z as functions of the x, and whose most general solutions are repre- 
sented by the equations zy = Zy(x, a). 


If we relate this proposition with the Proposition | p.[190| we immediately obtain 
the 


Proposition 3. /f an integrable system of partial differential equations: 


dz Oz) _ 
Fog X15+++5Xny Z15--+5%my to ae =0 (o=1,2---) 


is constituted in such a way that its most general solutions depend only on a finite 
number of arbitrary constants, then by means of differentiation and of elimination, 
it can always be brought to a form which possesses the following two properties: 
firstly, all differential quotients of a certain order, say s, can be expressed in terms of 
those of lower order, and in terms of Z1,..- Zn, X1,---;Xn, Whereas the correspond- 
ing property does not, in any case, hold true for all differential quotients of order 
(s—1). Secondly, by differentiating once with respect to the x, it only comes rela- 
tions between the x, z and the differential quotients of orders | up to (s— 1) which 
follow from the already extant equations. 


Besides, the developments of the present § provide a simple method to answer 
the question of how many parameters da ,...,@; are essential amongst the ones of a 
given system of equations: 


Sy —Zy Misa Any Gijee ayy) (u=1--m). 
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Indeed, in order to be able to answer this question, we only need to compute the 
entire numbers Uo, Ll}, ..., Ls—1 defined above; the sum Mp + Ly +---+ Us—1 then 
identifies the number of essential parameters amongst aj,...,a,-, because the equa- 
tions zy, = Zy(x,a) represent the most general solutions of a system of differential 
equations the most general solutions of which, according to the above develop- 
ments, contain precisely Uo +----+ Us—1 essential parameters. 


Chapter 11 


The Defining Equations 
for the Infinitesimal Transformations of a Group 


In Chap. [9] we have reduced the finding of all r-term groups to the determination 
of all systems of r independent infinitesimal transformations X,/f,...,X;f which 
satisfy relations of the form: 


XiXef —XXif = [Xi, Xk] = Y ci Xsf, 


with certain constants c;z,;. Only later will we find means of treating this reduced 
problem; temporarily, we must restrict ourselves to admitting systems X,/f,...,X;-f 
of the concerned nature and to study their properties. 

In the present chapter we begin with an application of the developments of the 
preceding chapter; from this chapter, we conclude that the general infinitesimal 
transformation: 

eyXif+---+e,-X,f 


of a given r-term group X;f,...,X;f can be defined by means of certain linear 
partial differential equations, which we call the defining equations of the group. 
From that, further conclusions will then be draw 


49. 


Consider r infinitesimal transformations: 


_y af 
Xf = Ye Stilton) Fy (k=1---r) 


which generate an r-term group. Then the general infinitesimal transformation of 
this group has the form: 


L g, OF a ay : ah a 


i=1 k= 


+ LIE, Archiv for Mathematik og Naturvidenskab Vol. 3, Christiania 1878 and Vol. 8, 1883; Gesellschaft der Wis- 
senschaften zu Christiania 1883, No. 12. 
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where the e; denote arbitrary constants. For the &;, it comes from this the expres- 
sions: 


r 


(1) c=) ccd) (i=1--n), 
k=1 
in which the &;;(x) are given functions of x;,...,Xp. 

Now, according to Proposition 2 of the preceding chapter, the expressions 
&1,-.-,&, just written are the most general system of solutions of a certain system 
of partial differential equations which is free of the arbitrary constants e),...,e;,. 
In order to set up this system, we proceed as in the introduction to § 48; we 
differentiate the equations (1) with respect to every variable x1,...,x%,, next we 
differentiate in the same way the obtained equations with respect to x1,...,X,, and 


so on. Then when we have computed all differential quotients of the € up to a 
certain order (considered in more details in § 48), we take away from the found 


equations the arbitrary constants e),...,e- and we receive in this way the desired 
system of differential equations, the most general solutions of which are just the 
expressions &1,...,&n. 


We can always arrange that all equations of the discussed system in the &; and in 
their differential quotients are linear homogeneous; indeed, from any two systems 
of solutions: 

cv, Siv (v=1-n), 
one can always derive another system of solutions e,€;y + ej€jy of the concerned 


differential equations with two arbitrary constants e; and e;. 
The system of the differential equations which define €),...,&, therefore has the 


form: 
n len dey 
m Auv(x1,-++,4n) Gy + y Big Hh g 205 %n) Ae +--- = 0, 
v=1 Via 1 
where the A, B, ..., are free of the arbitrary constants e1,...,é;. 


We briefly [kuRTZWEc] call these differential equations the defining equations of 
the group, since they completely define the totality of all infinitesimal transforma- 
tions of this group and therefore, they define the group itself. 

What has been said can be illustrated precisely at this place by means of a couple 
of examples. 

In the general infinitesimal transformation: 


of the six-term linear group: 


/ 
Xy = a,x, +02%x%2 +43 


/ 
Xy = 4X1 +a5xX2 +6, 


€, and & have the form: 
E) =e) te2x1 +632, Eo = e4 +e5x1 +6622. 


From this, it comes that the defining equations of the group are the following: 


07 E, 0°E 071 

a O —— —4 
Oxt "Ax 0x2 0, dx, ° 
0° E> CS 07 E, 
Oxt "Ax 0x . Ox5 : 


The known eight-term group: 


,  A\X1 +a2x2 +43 


. 4X1 + a5 x2 + d6 
tax Fagx2+1’ 


= 
a7 x; +dagx2.+1 


of all projective transformations of the plane serves as a second example. Its general 
infinitesimal transformation: 
&) =e, +e2x, +632 tex + €gX1X2 
& = e4te5x1 +e6x) +e7 x1 x2 + eg.x5 
will be defined by means of relations between the differential quotients of second 
order of the €, namely by means of: 
0? oF a 0° 0° or 
i 7 9 Ph , Ph Pi _,» Ph _p 


Oxy Ox1}0x. Ox5 Oxj0x. Ox; ne 


By renewed differentiation, one finds that all third-order differential quotients of & 
and of & vanish. 


50. 


Conversely, when does a system of linear homogeneous differential equations: 


n len - 
YY’ Auv(x) &v+ Ye Buvals) $2 +--+ =0 (H=13%) 
v=1 Vv, Xq 


define the general infinitesimal transformation of a finite continuous group? 
Naturally, the first condition is that the most general solutions €),...,&, of the 
system depend only on a finite number of arbitrary constants. Let this condition 
be fulfilled. Then according to Proposition 3, p. [193] of the preceding chapter, it is 
always possible, by differentiation and elimination, to bring the system to a cer- 
tain specific form in which all differential quotients of the highest, say the s-th, 
order can be expressed in terms of those of lower order, and in terms of x1,...,Xn, 
whereas the corresponding property does not, in any case, hold true for all differ- 
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ential quotients of order (s— 1); in addition, differentiating yet once with respect 
to the x produces no new relation between x,...,Xn, 61,---,6, and the differential 
quotients of first order up to the (s — 1)-th. We assume that the system has received 
this form and we imagine that it has been solved in the way indicated on p. 
then for k = 0,1,...,5, we obtain at each time that a certain number of differential 
quotients, say Vz, amongst the & of the k-th order differential quotients of the &, are 
represented as linear homogeneous functions of the remaining differential quotients 
of k-th order, and of certain differential quotients of (k — 1)-th, ..., first, zeroth or- 
der, with coefficients which depend only upon x1,...,x,, where Vv; = &;, but else, V, 
is always smaller than €,. 

As was shown in the preceding chapter, p. under the assumptions made, the 
most general system of solutions €,...,&, of our differential equations comprises 
precisely: 

(€ — Vo) + (€] —v;) alee ale (Es—1 _ Vs—1) =f, 


arbitrary constants; this most general system of solutions can be deduced from r 
particular systems of solutions &);,...,&,; with the help of r constants of integration 


as follows: . 


=) eee (i=1--n), 


k=1 
and here, the particular systems of solutions in question must only be such that the 


r expressions: 
n n 


af af 
bu 5 er) dor 55, 


i= i= 

represent as many independent infinitesimal transformations. 
Now according to Theorem 24 p. [169] for €) — +---+&, of to be the general 
infinitesimal transformation of an r-term group, a certain condition is necessary and 


sufficient, namely: when €j1,...,€%n and €j1,...,jn are two particular systems of 
solutions, then the expression: 


n(. abi y a) - 
du (Sv $B — Ev SE (i=1--n) 


must always represent a system of solutions. As a result, we have the 


Theorem 28. /f &,,...,&,, as functions of x,,...,Xn, are determined by certain lin- 
ear and homogeneous partial differential equations: 
n l---n déy 
Yi Auv@évt YE Buvalx) 5 +77 =0 (u=1,2--), 
v=1 Vi, Xn 


then the expression &| — +--+€, of represents the general infinitesimal transfor- 
mation of a finite continuous group if and only if: firstly the most general system of 
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solutions of these differential equations depends only on a finite number of arbitrary 


constants, and secondly from any two particular systems of solutions &j,...,&kn 
and €j1,---,&jn, by the formation of the expression: 
n 0€ ji OE Kj 
y (Ex A L — iv A (i=1--n), 
v=l ay ay 


one always obtains a new system of solutions. 


If €; — +---+&, oe really is the general infinitesimal transformation of a finite 
group, then naturally, the above differential equations are the defining equations of 
this group. 

If the defining equations of a finite group are given, the numbers Vo, Vv}, ..., Vs—1 
discussed earlier on can be determined by differentiation and by elimination; the 
number: 

r= (€9— Vo) + (€1 — V1) +++ + (€s—1 — Vs—1) 


indicates how many parameters the group contains. 
In the first one of the two former examples, one has: 


s=2, w=0, w=0, H=2, & =4, 
and therefore r = 6. In the second example, one has: 
S=3, W=EH0 vweH we4, mS=2, B=4 © =—6, 
whence r = 8. 


51. 


Now, let again: 


_y of - 
Xf = Ye biilis---%n) Z (=i 


be independent infinitesimal transformations of an r-term group. We imagine that 
the defining equations of this group are set up and are brought to the form discussed 
above, hence resolved with respect to v; of the ¢;, differential quotients of order k of 
the € (k =0,1,...,5); here, as said earlier on, v; is always < &, except in the case 
k = s, in which v, = €;. 

The coefficients in the resolved defining equations are visibly rational functions 
of the € together with their differential quotients of first order, up to th s-th. Now, 
since as a matter of principle (cf. p.[183), we restrict ourselves to systems of val- 
ues X},.-..,X, for which all €;; behave regularly, then the meant coefficient will in 
general behave regularly too for the systems of values x1,...,x, Coming into con- 
sideration, but obviously only in general: there can well exist points x,,...,x, in 
which all &;; indeed behave regularly, but in which not all coefficients of the solved 
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defining equations do so. In what follows, one must everywhere pay heed to this 


distinction between the different points x1,...,xn. 
Let oe ...,X9 be a point for which all coefficients in the solved defining equa- 
tions behave regularly; then €,...,&, are, in a certain neighbourhood of ay; scale 
0 


ordinary power series with respect to the x, —x;: 


n ln 

G&=si + Ye Biv =) + Y Siva Ov —x9) (xe xR) +, 
v=1 Via 

where, always, the terms of the same order are thought to be combined together. 

Here, the coefficients g°, g’, ... must be determined in such a way that the given 

differential equations are identically satisfied after insertion of the power series ex- 

pansions for &),..., 6p. 

If we now remember that our group is r-term, then we immediately realize that on 
the whole, r of the coefficients g”, g’,... remain undetermined, hence that certain 
amongst the initial values which the € and its differential quotients take for x) = ce 
dsctenehy = x, can be chosen arbitrarily. Now, since our differential equations show 
that all differential quotients of order s and of higher order can be expressed in terms 
of the differential quotients of orders zero up to (s — 1), and in terms of x1,...,%n, it 
follows that exactly r amongst the initial values g°, 9’, g”,..., g%—) can be chose 
arbitrarily, or, what amounts to the same: the €) + €; +---+ €;-; mentioned initial 
values must be linked together by certain )’ €, — r independent relations. At present, 
we want to set up these relations. 

Or system of differential equations produces all relations which exist, at an arbi- 
trary x, between the € and its differential quotients of first order up to the (s— 1)-th. 
Hence, when we make the substitution x; = ca in our differential equations, we ob- 
tain certain relationships by which the initial values g”, [ore gh are linked 
together. In this manner, it results Vo linear homogeneous relations between the g° 
alone, furthermore Vv, relations between the g’ and certain g°, and in general v; re- 
lations between the g) and certain gikl), ..., 2, 29. The relations in question are 
resolved, and to be precise, they are resolved with respect to vo of the g®, with re- 
spect to v; of the g’, and so on, and in total, there are Y v; = ¥ €& —r independent 
relations. Now, since according to what has been said, there do not exist more than 
Y &—r independent relations between g®, g’, ..., gel) we therefore have found 
all relations by means of which these )° & initial values are linked together; at the 
same time, we obtain Vp + --- + V,_1 of the quantities g°,...,g°—! represented as 
linear homogeneous functions of the )\(€& — vy.) = r remaining ones, which stay 
entirely arbitrary. 


We use the preceding observations in order to draw conclusions from them about 
the constitution of the particular system of solutions to our differential equations. 

At first, it can be shown that there does not exist a particular system of solutions 
E1,...,& whose power series expansion with respect to the x; —x? begins with terms 
of order s or yet higher order. Indeed, in the power series expansion of such a system 
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of solutions, the coefficients 2°, lo oces gi) would all be equal to zero, so all gl), 
girl). ... would also vanish and the system of solutions would therefore reduce to: 
€; =0,..., 6; =0. This system of solutions certainly satisfies the given differential 


equations, but alone it does not deliver us any infinitesimal transformation of our 
group, and is therefore useless. 

But for that, there is a certain number of particular systems of solutions &),...,&, 
whose power series expansions begin with terms of order lower than the s-th, let 
us say with terms of k-th order. The coefficients g°, 9’, ..., g—") can then all be 
chosen equal to zero; so the existing relations between these are all satisfied, and it 
yet remains only v; relations between the gl), Vx+1 relations between the glk+1) and 
certain gl), ..., and lastly, v;_; relations between the gis ~)) and certain gi), eds 
gl), As a result, there are in sum still (€, — vz) +---+ (€s—1 — Vs—1) of the constants 
g), ..., g°-)) which can be chosen arbitrarily, and when one disposes of these 
constants in such a way that not all the ¢ quantities g“) vanish, then one always 
obtains a particular system of solutions &),...,6, whose power series expansions 
with respect to the x; —x? contain terms of the k-th order, but no terms of lower 
order. 

If €),...,&, is a particular system of solutions of our differential equations, then 
the infinitesimal transformation: 


of 
OX 


belongs to our group. From what has been said above, it results that this group 
always contains infinitesimal transformations whose power series expansion with 
respect to the x; — x? begins with terms of order k, only as soon as k is one of the 
numbers 0, 1, 2,...,.s—1. By contrast, there are no infinitesimal transformations in 
the group whose power series expansions begin with terms of order s or of higher 
order. Naturally, all of this is proved only under the assumption that the coefficients 
of the resolved differential equations behave regularly in the point ae cae 

In order to meet, at least up some extent, the requirements for conciseness of the 
expression, we want henceforth to say: an infinitesimal transformation is of the k-th 
order in the x; —x? when its power series expansion with respect to the x; —x? begins 
with terms of order k. Then we can enunciate the preceding result as follows: 

If cae Ses 2 is a point for which the coefficients in the resolved defining equations 
of the group X,f,...,X;,f behave regularly, then the group contains certain infinites- 
imal transformations of zeroth order in the x; — 1, certain of the first order, and in 
general, certain of the k-th order, where k means one arbitrary number amongst 0, 
1,...,s—1; by contrast, the group contains no infinitesimal transformation of order 
s or of higher order in the x; — a. 

It is clear that two infinitesimal transformations of different orders in the x; — x 
are always independent of each other. Actually, for the examination whether several 
given infinitesimal transformations are independent of each other or not, the consid- 


eration of the terms of lowest order in their power series expansions already settles 


Of 
B15, b+ Sn 
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the question many times; indeed, if the terms of lowest order, taken for themselves, 
determine independent infinitesimal transformations, then the given infinitesimal 
transformations are also independent of each other. 

The general expression of an infinitesimal transformation which belongs to our 
group and which is of order k with respect to the x; — i contains, as we know, (& — 
Vx) +++: + (€s—1 — Vs—1) = Px arbitrary and essential constants, namely the & — Vv; 
which can be chosen arbitrarily amongst the gl), the €,+1 — Vg+41 arbitrary amongst 
the g*+), and so on; however here, the arbitrariness of these €, — Vv; quantities g) 
is restricted inasmuch as not all g are allowed to vanish simultaneously. From 
this, it follows that p;, independent infinitesimal transformations of our group can 
be exhibited which are of order k in the x;—x?; but it is easy to see that from 
these p; infinitesimal transformations, one can derive in total Pp; independent ones 
which are of the (k+ 1)-th order, or yet of higher order. The general expression 
of an infinitesimal transformation which is linearly deduced from these p,; ones 
indeed contains exactly the same arbitrary constants as the general expression of an 
infinitesimal transformation of order k in the x; — a with the only difference that 
in the first expression, all the e¢, — vy available g) can be set equal to zero, which 
gives always an infinitesimal transformation of order (k +1) or of higher order. 
Consequently, amongst these p, infinitesimal transformations of order k, there are 
only Px+1 — Px = & — Ve which are independent of each other and out of which no 
infinitesimal transformation of (k + 1)-th order or of higher order in the x; — 4 can 
be linearly deduced. 

We recapitulate the present result in the 


Theorem 29. To every r-term group X\f,...,X;f in n variables x,,...,Xn is as- 
sociated a completely determined entire number s > 1 of such a nature that, in the 
neighbourhood of a point x? for which the coefficients of the resolved defining equa- 
tions behave regularly, the group contains certain infinitesimal transformations of 
zeroth, of first, ..., of (s—1)-th order in the x; —x?, but none of s-th or of higher or- 
der. In particular, one can always select r independent infinitesimal transformations 
of the group such that, for each one of the s values 0, 1, ..., s—1 of the number 
k, exactly € — Vx mutually independent infinitesimal transformations of order k in 
the x; —x° are extant out of which no infinitesimal transformation of order (k +1) 
or of higher order can be linearly deduced. At the same time, the number v;, can be 
determined from the defining equations for the general infinitesimal transformation 
E1 — +---+6&, Ah of the group, and from & which denotes the number of all dif- 


ferential quotients of order k of the &,,...,§y with respect to x,,...,Xn and is always 
larger than Vx. 


Example. Earlier on, we have already mentioned the equations: 


arEr Ey Ey EE ED 


= — 2 = = = ——__ = = 0 
Oxt Ox 0x2 Ox5 Oxt Ox, 0x2 Ox5 


as the defining equations of the six-term linear group: 
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Xy = a, xX, +02%x2 +43, Xy = 4X1 + 5X2 +6. 


These defining equations are already presented under the resolved form; all the 
appearing coefficients are equal to zero, hence they behave regularly. Amongst the 
infinitesimal transformations of the group, we can select the following six mutually 
independent ones: 


ay 


a _ Oy Bs 2 ON ede 2405 _ BON 
Ox” Ox.’ (x1 x)a (x2 Ja (x1 x) (x2 2) > > 


the first two of them are of zeroth order, and the last four are of first order in the 
Xj nee 

For the calculations with infinitesimal transformations, the expressions of the 
form: 

X(¥(f)) -¥(X(/) =) 

play an important réle. So if X f and Y f are expanded in the neighbourhood of the 
point x? with respect to the power of the x; —x?, the related question is how does 
the transformation [X, Y] behave in this point. 

Let the power series expansion of X f begin with terms of order , let that of Y f 
begin with terms of order v, that is to say, let: 


n (1) n (v) 
xf= Yt )s, f= Lay +), 
26)... Ome E rs 


where the E(u) and the 7 (Y) denote homogeneous functions of order yt and of order 
Vv, respectively, in the x; — x, while the terms of higher order in the x; — x are left 
out. Under these assumptions, the power series expansion for [X, Y] is, if one only 
considers terms of the lowest order, the following: 


n n an” ae) Of 
= C0 Reais 5 2 a ad: Me oe 
ena E LY (SSE ai Se) + bE 


k=1 


So the terms of lowest order in [X, Y] are of order pp: + v— 1 and they stem solely 
and only from the terms of orders and v in Xf and in Y f, respectively. 


Theorem 30. /f X f and Y f are two infinitesimal transformations whose power se- 
ries expansions with respect to the powers of x, — x, ... Xn —X° begin with terms 
of orders Ut and V, respectively, then the power series expansion of the infinitesi- 
mal transformation XY f —YX f = |X, Y| begins with terms of order (u+v—1) 
which are entirely determined by the terms of orders & and v in Xf and in Y f, 
respectively. If these terms of order (u+ Vv —1) vanish, then about the power series 
expansion of |X, Y|, it can only be said that it starts with terms of order (u +), or 
of higher order. 
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If the two numbers p and v are larger than one, then the number + v — | is 
larger than both of them. This remark is often of great utility for the calculations 
with infinitesimal transformations of various orders. 

For the derivation of the Theorem 30, it is not at all assumed that the two in- 
finitesimal transformations X f and Y f belong to a group; the only assumption is 
that both X f and Y f can be expanded in powers of x; — x2. 


52. 


Let the defining equations of an r-term group be given in the form discussed earlier 
on, hence resolved with respect to vy; of the €& differential quotients of order k 
of &1,...,& . Moreover, let x? be a point in which the coefficients of the resolved 
defining equations behave regularly. 

Under these assumptions, we can expand the infinitesimal transformations of our 
group in ordinary power series of the x; —x?. We even know that our group con- 
tains a completely determined number of independent infinitesimal transformations, 
namely € — Vo, which are of zeroth order in the x; — x? and out of which no in- 
finitesimal transformation of first order or of higher order can be linearly deduced; 
moreover, the group contains a completely determined number of independent in- 
finitesimal transformations, namely €; — V1, of first order in the x; —x? out of which 
none of second order or of higher order can be linearly deduced, and so on. 

Shortly, our group associates to every point of the indicated nature a series of s 
entire numbers €) — Vo, €] — Vj, -.., €s—] — Vs—1 and these entire numbers are the 
same for all points of this kind. 

Now, there can also be points X; in special position, hence points in the neigh- 
bourhood of which the coefficients of the resolved defining equations do not behave 
regularly anymore, while by contrast, all infinitesimal transformations of the group 
can be expanded in ordinary power series in the x; — X;. If X,,...,X, is a determined 
point of this sort, then naturally, there is in our group a completely determined 
number of infinitesimal transformations of zeroth order in the x; — X; out of which 
no infinitesimal transformation of higher order can be linearly deduced, and so on. 

Consequently, our group also associates to every point in special position a deter- 
mined, obviously finite series of entire numbers; frequently, to two different points 
in special position there will be associated two also different series of entire num- 
bers. 

An example will best make clear the matter. 

The defining equations of the two-term group sf iG -— read in the resolved 
form: 
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aby _ af _ be _ 
Ox 1 Ox 1 Ox? ; 
a a aa 0 0-E; 1 0G; 
Ox,  AxyOx. 0x5 x OX?’ 
0°E 0*Ey Ea 
OG Ox 0x2 Ox5 

The coefficients appearing here behave regularly for all points x;,x2 located in 
the finite, except only for the points of the line x2 = 0. 

At first, let us consider a point x°, x} with nonvanishing x}. We have s = 2, and 
moreover €&) = 2, €; = 4, Vo = 1, Vv; = 3, hence to the point en are associated 
the two numbers 1, 1. All infinitesimal transformations of the group can be linearly 
deduced from the two: 


Of 0 
ax,’ (m»—8+—— 


0. 


amongst which the first is of zeroth order in the x; —x?, and the second of first order. 
Next, let us consider a point X,,X2. = 0. 
To such a point, the group associates the three numbers 1,0, 1, since amongst its 
infinitesimal transformations there are none of first order in the x; — X;, but one of 


second order, hence of s-th order, namely: x5 — = 


If be ...,x9 is a point for which the coefficients of the resolved defining equations 
behave regularly, then according to Theorem 29, the group certainly contains in- 
finitesimal transformations of zeroth, of first, ..., of (s — 1)-th orders in the x; — be 
but none of s-th or of higher order. Now, our example discussed just now shows 
that for a point x; in which not all the coefficients in question behave regularly, 
no general statement of this kind holds anymore: the group can very well contain 
infinitesimal transformations of s-th order in the x; —X;, and perhaps also some of 
higher order; on the other hand, it can occur that for one number k < s, the group 
actually contains no infinitesimal transformation of k-th order in the x; — x;. 


If <. ...,x9 denotes an arbitrary point in which all the € behave regularly, then 
as already said, the infinitesimal transformations of our group can be classified ac- 
cording to their orders in the x; — cae It is of great importance that this classification 
stays obtained when in place of the x, new variables y;,...,y, are introduced. Of 
course, the concerned change of variables must, in the neighbourhood of the place 


ae ...,x9, possess the following properties: y;,...,y, must firstly be ordinary power 


oon? 
series in the x; — re 


(2) Ye =Ye+ DY ani (xi 27) +--- (k=1--n)5 
i=l 
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and secondly, x,,...,x, must also be representable as ordinary power series in the 
Vk —y? and in fact, so that every x; for yy = ye, wae 0 must take the value a 
If the first one of these two requirements is satisfied, it is known that the second one 
is then always satisfied, when the determinant )) +a) --- Gyn is different from zero. 

Now, in order to prove that the discussed classification stays obtained after the 
transition to the variables y;,...,¥,, we need only to show that every infinitesimal 
transformation of u-th order in the x; —x? converts, by the introduction of the new 
variables y, — ye, into an infinitesimal transformation of j-th order in the yz — ye. 
But this is not difficult. 

The general form of an infinitesimal transformation of the U-th order in the x; —x? 


iS: 
Of | 


Ox; 


xfay (M+) 


here, Et ) Est ) denote entire rational functiond!] which are homogeneous of 
order and do not all vanish; the terms of orders (44 + 1) and higher are left out. 
By the introduction of y1,..., yp, it comes: 


n Of 
Xf= Xyp——3 
f d Dy, 


here at first, the Xy,; are ordinary power series in the x; —x?: 
a EH 
Xye= Yo ang + 
j=l 


and they begin with terms of order u. These terms of order y do not all vanish, 
since otherwise one would have: 


which is impossible, because the determinant )) +a), --- dy, is different from zero, 
and because E(H) ee E(H) do not all vanish. Now, if in Xy;,...,X yn, we express the 
x; in terms of the y;, we obtains n ordinary power series in the y; — ie These power 
series likewise begin with terms of order UW which do not all vanish. Indeed, one 
obtains the terms of order lu in question by substituting, in the n expressions: 


oy aj 6" (k=1--n), 
j=l 
the x for the y by means of the equations: 


' GANZE RATIONALE FUNCTIONEN, that is to say, polynomials. 
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n 
ye =Y+ Y agi (xi — 37) (k=1--n); 
i=l 
but since the n shown expressions do not all vanish, then they also do not all vanish 
after introduction of the y. 

Consequently, the infinitesimal transformation X f is transferred, by the introduc- 
tion of the y, to an infinitesimal transformation which is of order pz in the y; — y?. 
But this was to be shown. 

As a result, we have the 


Proposition 1. /f, in an infinitesimal transformation X f which is of order Lt in x; — 


a, ee x, one introduces new variables: 
0.x ace 0 0 
Ye =Yet DY, ani(xi— 27) + Yay 41 — 27) (RG) + 
i=l i, j 
(k=1--n), 


where the determinant Y +a, ---Ann is different from zero, then X f converts into 
an infinitesimal transformation of order [ in y, — y?, 1409 Ve Ve 


From this, it immediately follows the somewhat more specific 


Proposition 2. [f, in the neighbourhood of the point x9, oe ae, an r-term group con- 
tains exactly Ty independent infinitesimal transformations of order in the x; — x9 
out of which none of higher order can be linearly deduced, and if new variables: 


n 
Ye =W+Y, a(x — 47) +> vn) 
i=l 


are introduced in this group, where the determinant Y. +a, --- Ann is different from 
zero, then in turn in the neighbourhood of the point y?, the new group which one 
finds in this way contains exactly Ty, independent infinitesimal transformations of 
order [ in the yz — yy out of which none of higher order can be linearly deduced. 


One therefore sees: the series of entire numbers which the initial group associates 
to the point oe ae xe is identical to the series of entire numbers which the new 
groups associates to the point y?,..., 9. 


53. 


If one knows the defining equations of an r-term group and if one has resolved them 
in the way discussed earlier on, then as we have seen, one can immediately identify 
the numbers € — v;, defined above. For every point ae ...,X9 in which the coeffi- 
cients of the resolved defining equations behave regularly, one therefore knows the 
number of all independent infinitesimal transformations of the group which are of 
order k in the x; — 4 and which possess the property that out of them, no infinitesi- 


mal transformation of order (k + 1) or of higher order can be linearly deduced. 
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Naturally, one can compute the numbers in question also for the points ce ecen de 


rats 7) 
in which the coefficients of the resolved defining equations do not behave regularly. 
For that, the knowledge of the defining equations already suffices, however it is 
incomparably more convenient when r arbitrary independent infinitesimal transfor- 
mations are already given, which is what we will assume in the sequel. Then one 
proceeds as follows. 

At first, one determines how many independent infinitesimal transformations of 
order & or higher in the x; — a the group contains. To this aim, one expands the 
general infinitesimal transformation: 


e:Xift---+e-X,f 
with respect to the powers of the x; —x? and then in the n expressions: 
e1 Gut: +erGy (i=1--n), 


one sets equal to zero all coefficients of zeroth, of first, ..., of (k — 1)-th order. In 
this way, one obtains a certain number of linear homogeneous equations between 
€1,---,@,; one then easily determines how many independent infinitesimal transfor- 
mations are extant amongst these equations by calculating certain determinants; if 
r — @y 1s the number of independent equations, then it follows that the group con- 
tains exactly @, independent infinitesimal transformations of order k or higher in the 
Xj ae So obviously, @ — @+1 is the number of independent infinitesimal trans- 
formations of order k out of which no infinitesimal transformation of higher order 
can be linearly deduced. 

It is hardly not necessary to make the observation that the operations just indi- 
cated remain applicable also to every point coe ...,x9 for which the coefficients of 
the resolved defining equations behave regularly. 

Somewhat more precisely, we want to occupy ourselves with the infinitesimal 
transformations )) e;X;f of the group X;f,...,X;f whose power series expansion 
in the x; —x? contain only terms of the first and higher orders, but none of the zeroth. 
At first, we shall examine how many independent infinitesimal transformations of 
this nature there are and we shall show how one can set up them in a simple manner. 
Here, by a5 ...,x9, we understand a completely arbitrary, though determined, point. 

Evidently, such infinitesimal transformations are characterized by the fact that 
themselves, and as well the one-term groups generated by them, do leave at rest the 
point x; = x (cf. Chap. [7] p. 144), or, what amounts to the same, by the fact that 
they are the only ones amongst the infinitesimal transformations )' e;X;,f which do 
not attach any direction to the point x; = coe 

Analytically, the most general transformation )' e;X;f of the concerned consti- 
tution will be determined by the equations: 


e| E1;(x), a <a) +-+++e, ea, ae x?) =( (i=1---n). 


Now, if in the matrix: 
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E11 (x°) > So Elx) 
(3) : 7 . 
Gal) _ ew, 


all (r+ 1) x (r+ 1) determinants vanish, but not all 4 x h ones, then h of the quan- 
tities e;,...,e, can be represented as linear homogeneous functions of the r — h left 
ones, which remain completely arbitrary. As a result, we obtain the following simple 
but important result: 


Proposition 3. Jf all (h+1) x (h+1) determinants of the matrix: 
S11(x) - - Sin(x) 


P 


Eri (x) - - €m(x) 


vanish for x, = a, mete = -, but not all h x h ones vanish, then the r-term group: 


Z a) 
Ref = Y buleiy--- hn) SE (k=1---r) 
i=] U 


contains exactly r —h independent infinitesimal transformations which, when ex- 
panded in power series in x, —x?, Ley Xn ay) contain no term of zeroth order — 


which, in other words, leave at rest the point oe ae ed 


At the same time, it yet comes from what has been said the following 


Proposition 4. When all (h+ 1) x (h+1) determinants of the matrix: 
E11 (x) a Sin (x) 


y] 


Eri (x) - - €rn(x) 


are set to zero, then_the resulting equations determine the locus of all points 
Hige cy ly WHICH admik| at least r—h independent infinitesimal transformations of 
the group X| f,...,X;f; amongst the found points, those which do not bring to zero 
all h x h determinants of the matrix admit exactly r —h independent infinitesimal 
transformations of the group. 


Earlier on (p. (145), we have underlined that the infinitesimal transformations 
X\f,...,X;f associate to a determined point x,,...,x, precisely h independent 
directions when all (n+ 1) x (h+ 1) determinants of the matrix (3) vanish, while 
by contrast not all 4 x h determinants do. From this, we see that the found result 
can also be expressed as follows. 


Proposition 5. [f an r-term group X,f,...,X;f of the space x1,...,Xn contains ex- 
actly r —h independent infinitesimal transformations which leave at rest a deter- 


2 __ in the sense the manifold constituted of such a point is left invariant, i.e. at rest — 
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mined point a: ahs eo then the infinitesimal transformations of the group associate 


to this point exactly h independent directions. 


At present, we continue one step further to really set up all infinitesimal transfor- 
mations )’ e;X;f which leave at rest a determined point ae sae 


We want to suppose that in the matrix (3), all (4+ 1) x (A+1) determinants 
vanish, but not all h x h ones, and specifically, that in the smaller matrix: 


E11(x°) aa Ein(a”) 


Eni (x") ? oar) 


not all A x h determinants are equal to zero. 

Under these assumptions, there are obviously no infinitesimal transformations of 
the form e; X;f +---+e,Xz,f which leave at rest the point x, ee sae by contrast, 
the r — h infinitesimal transformations: 


Xn+kf + Aa Xf +++> + An Xnf (k=1+-r—h) 


do leave it at rest, as soon as one chooses the constants A in an appropriate way, 
which visibly is possible only in one single way. Saying this, r — h independent 
infinitesimal transformations are found whose power series expansions contain no 
term of order zero; naturally, out of these r —h transformation, every other of the 
same constitution can be linearly deduced. From this, it follows that amongst the 
infinitesimal transformations of our group which are of zeroth order in the x; —x?, 
there are only h independent ones out of which no transformation of first order or 
of higher order can be linearly deduced; of course, X,f,...,X;f are transformations 
of zeroth order of this nature; hence they attach to the point oe ...,X9 exactly h 
independent directions. 
With these words, we have the 


Proposition 6. [f the r infinitesimal transformations: 


Xf = VY Gei(x1,--- Xn) = (k=1--r) 
=] OX; 
of an r-term group of the space x,,...,Xn are constituted in such a way that for x, = 
x9, 22, Xn =X9, all (hn +1) x (h+1) determinants, but not all h x h determinants, 


of the matrix: 


E11 (x) = Cina) 
Eri(x) +» Ern(x) 


vanish, and especially, if not all h x h determinants of the matrix: 


S 
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Sii(x) + - Sin(x) 
Eni (x) ae Can) 


are zero for xj = rot then firstly: all infinitesimal transformations: 
ey Xi f +++ ep Xnf 


are of zeroth order in the x; —x? and they attach to the point cae ...,X9 exactly h in- 
dependent directions, and secondly: one can always choose h(r —h) constants Ax;, 
but only in one single way, so that in the r—h independent infinitesimal transfor- 
mations: 

Xnzkf + Ag Xf +++> + An Xnf (k=1--r—=h) 


all terms of zeroth order in the x; —x? are missing; then out of these r —h infinites- 
imal transformations, one can linearly deduce all infinitesimal transformations of 
the group X\f,...,X;f which are of the first order in the x; —x?, or of higher order. 


For the sequel, it is useful to state this proposition in a somewhat more specific 
way. 
We want to assume that all (¢+ 1) x (q+ 1) determinants of the matrix: 


E(x) + + €in(x) 
ert (x) -* Ern(x) 


vanish identically, but that this is not the case for all g x gq determinants and spe- 
cially, that not all g x g determinants of the matrix: 


E11 (x) - + Sin(x) 
Eqi (x) eg Eqn(X) 


(4) 


(5) 


are identically zero. 

Under these assumptions, it is impossible to exhibit g not all vanishing functions 
X1(x),---,X%q(x) which make identically equal to zero the expression 71 (x) X1f + 
-++-+ q(x) X,f. By contrast, one can determine g(r — q) functions @;;,(x) so that the 
r—q equations: 


Xat if = Pj, ---sXn) Xf +++ + Pjg(X1,-+-Xn) Xgf 
(j=1--r—q) 
are identically satisfied; indeed, every 9; will be equal to a quotient whose nu- 
merator is a certain g x g determinant of the matrix (4) and whose denominator is 


a not identically vanishing g x gq determinant of the matrix (5) (cf. the analogous 
developments in Chap. [7] p.[132). 
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Now, let SE ...,x2 be a point in general position, or if said more precisely, a point 
for which not all g x q determinants of (5) vanish. Then the expressions @jx(x°) are 
determined, finite constants, and at the same time, the r — q infinitesimal transfor- 


mations: 


Xqr if — ale) Xif —---— jq(X”) Xaf (j=1--r=g) 


belong to our group. These infinitesimal transformations are clearly independent of 
each other and in addition, they possess the property that their power series expan- 
sions with respect to the x; —x? lack of all zeroth order terms. Hence according to 
Proposition 3, p. every infinitesimal transformation of our group whose power 
series expansion with respect to the x; — x? only contains terms of first order or of 
higher order must be linearly expressible by means of the r — q infinitesimal trans- 
formations just found. 
Thus, the following holds true. 


Proposition 7. [f the first q of the infinitesimal transformations X,f,...,X;f of an 
r-term group are not linked by linear relations of the form: 


Mi igang hn) AF es Ye Mig ha taf =U; 


while X41 f,...,X,f can be linearly expressed in terms of X\f,...,Xqf: 


q 
Xgijif = y Pjx(X1,--+,%n) Xe f (j=1--r—-q), 
k=1 
then in the neighbourhood of every point eo in general position, the 


group contains exactly q independent infinitesimal transformations, for example 
X1f,...,Xqf, which are of zeroth order and out of which no infinitesimal transfor- 
mation of first order or of higher order in the x; — x can be linearly deduced. By 
contrast, in the neighbourhood of a, the group contains exactly r — q independent 
infinitesimal transformations, for instance: 


q 
Xgtif - oy Pix (X15 os Paes (j=1--r—q), 
k=1 


which contain no terms of zeroth order in the x; — x?, hence which leave at rest the 


; 0 0 
DOME Ry ix «de 


We have pointed out above more precisely what is to be understood, in this propo- 
sition, for a point in general position. 


Chapter 12 
Determination of All Subgroups of an r-term Group 


If all the transformations of a p-term group are contained in a group with more than 
P parameters, say with r parameters, then the p-term group is called a subgroup of 
the r-term group. 

The developments of Chap. |4) already gave us an example of subgroups of an 
r-term group; indeed, these developments showed that every r-term group contains 
co”! one-term subgroups. In the present chapter, we will at first develop a few 
specific methods which enable one to find all subgroups of a given group. Then 
we submit us to the question of how one should proceed in order to determine all 
subgroups of a given group. About it, we obtain the important result that the deter- 
mination of all continuous subgroups of an r-term group can always be achieved by 
resolution of algebraic equations. 


54. 


In the preceding chapter, we imagined the infinitesimal transformations of a given r- 
term group expanded with respect to the powers of the x; —x?, where it is understood 
that x? is a system of values for which all these transformations behave regularly. 
For the infinitesimal transformations of the group, there resulted in this way a 
classification which will now conduct us towards the existence of certain subgroups. 
However, the considerations of this paragraph find an application only to groups 
which in any case for certain points co contain not only infinitesimal transforma- 
tions of zeroth order, but also some of higher order in the x; — x?, In the neigh- 
bourhood of the point a; ...,X9, let an r-term group of the space x1,...,x, contain 


n? 
exactly @; independent infinitesimal transformations: 


oa peer re 


whose power series expansions with respect to the x; — = start with terms of order 
k or of higher order. 

We want to suppose that k is > 1. Then if we combine one with the other two 
infinitesimal transformations Y;f and Y;f, we obtain (Theorem 30, p. an in- 
finitesimal transformation [Y;, Y;] of order (2k — 1) or higher, hence at least of order 
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k. Consequently, [Y;, Y;| must be linearly expressible in terms of the Y f: 
Ox 
Yi, Y|] = y dijvYvf, 
v=1 


or, what is the same: the Y| f,..., Yc, f generate an @-term subgroup of the given 
group. Hence the following holds true. 


Proposition 1. [fan r-term group of the space x,,...,Xy, contains, in the neighbour- 
hood of x on me exactly @, independent infinitesimal transformations of order k 
or of higher order and if k is > 1 here, then these @, infinitesimal transformations 


generate an @,-term subgroup of the group in question. 


If the point coe ...,X9 is procured so that, for it the coefficients of the resolved 
defining equations of the group X| f,...,X;.f behave regularly, then a, has the value: 


(€& — Ve) Hes + (Es—1 — Vs—1) 
(cf. Chap.[1] p.[202). 


The case k = | is particularly important, hence we want to yet dwell on it. 


It 
n P) 
Xf = Y, Eilon) (j=l) 
= 


OX; 
are independent infinitesimal transformations of the r-term group, then according 
to Chap. p. sq., one finds the number @; by examining the determinants of 


the matrix: ‘ ‘ 
Gii(x") «+ Sine") 
Gr (x°) + Grn (x°) 

Moreover, we remember (cf. p. sq.) that all infinitesimal transformations of 
the group which contain only terms of first order or of higher order in the x; — ra are 
characterized by the fact that they leave at rest the point Xs ...,X9, Hence if k = 1, 
we can also enunciate the above proposition as follows. 


Proposition 2. Jf in a group of the space x,...,Xn, there are precisely @ 
independent infinitesimal transformations which leave invariant a determined 


point a ...,X9, then these transformations generate an @\-term subgroup of the 
concerned group. 
It is clear that in the variables x,,...,x,, there are no more than n infinitesimal 


transformations which are of zeroth order in the x; — x? and out of which no in- 
finitesimal transformation of first order or of higher order can be linearly deduced. 
From this, we conclude that every r-term group in n < r variables contains at least 
r —n independent infinitesimal transformations which are of the first order or of 
higher order in the x; —x?. We therefore have the 
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Proposition 3. Every r-term group in n <r variables contains subgroups with at 
least r —n parameters. 


From the Proposition 7 of the preceding chapter (p. |212), we finally obtain for 
the points ae ...,x9 in general position yet the 


Proposition 4. If the infinitesimal transformations X\f,...,Xqf,...,Xrf of an r- 
term group in the space x1,...,Xn are constituted in sucha manner that X,f,...,Xqf 
are linked by no linear relation of the form: 


i Myc Xn) Af BE Pol Miyae a) Agt =O, 


while by contrast Xq41f,...,Xrf can be expressed linearly in terms of X,f,...,Xqf: 


Xgigf = Pj (x1,---,%n) Xi f +--+ Ojg(a1,--- An) Xef 


(Jalor=@), 
and if in addition oe ue he is a point in general position, then the r —q infinitesimal 
transformations: 
- 0) 0 
Xgrif - y Di (Hi poe hy,) Sak (j=1--r-q) 
u=1 


are all of the first order, or of higher order, in the x; —x? and they generate an (r—q)- 
term subgroup whose transformations are characterized by the fact that they leave 


invariant the point 3 — a. 


By a point in general position, as on p. we understand here, a point which 
does not bring to zero all g x g determinants of the matrix: 


E11 (x) “ Cin ®) 


eal ye Eqn (x) 
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Here equally, we yet want to draw attention on a somewhat more general method 
which often conducts, in a very simple way, to the determination of certain sub- 
groups of a given group. This method is founded on the following 


Theorem 31. /f the r-term group X,f,...,X;f contains some infinitesimal transfor- 
mations for which a given system of equations: 


Qi aay) =O (i=1,2--) 


remains invariant, and if every infinitesimal transformation of this nature can be 
linearly deduced from the m infinitesimal transformations: 
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r 
Xf = Vo hiv Xvf (k=1--m), 
v=1 


then Y, f,...,¥mf generate an m-term subgroup of the group X,f,...,X+f. 


The correctness of this theorem follows almost immediately from the Proposi- 
tion 5 in Chap. [7] p. Indeed, according to this proposition the system Q; = 0 
admits all infinitesimal transformations of the form [Y;, Y;]. Since the [Y;, Yj] also 
belong to the group X,/f,...,X;f, then under the assumptions made, none of these 
infinitesimal transformations can be independent of Y, f,..., Ym,f, hence on the con- 
trary, there must exist relations of the form: 


Yn, Yj] = y hk jp Yuh, 
u=1 


that is to say, the Y, f really generate a group. 
Clearly, we can also state the above theorem as follows. 


Proposition 5. /f, amongst the infinitesimal transformations of an r-term group in 
the variables x ,...,Xy, there are precisely m independent transformations by which 
a certain manifold of the space x\,...,Xy remains invariant, then these m infinitesi- 
mal transformations generate an m-term subgroup of the r-term group. 


The simplest case is the case where the invariant system of equations represents 
an invariant point, so that it has the form: 


ai =x), veey Xn = 8. 

The subgroup which corresponds to this system of equations is of course gener- 
ated by all infinitesimal transformations whose power series expansions with respect 
to the x; — x start with terms of first order, or of higher order. Thus, we arrive here 
at one of the subgroups that we have already found in the preceding §. 

As a second example, we consider a subgroup of the eight-term general projective 
group of the plane. The equation of a nondegenerate conic section admits exactly 
three independent infinitesimal projective transformations of the plane; hence these 
three infinitesimal transformations generate a three-term subgroup of the general 
projective group. 

Lastly, yet another example, got from the ten-term group of all conformal point 
transformations of the R3. In this group, there are exactly six independent infinitesi- 
mal transformations which leave invariant an arbitrarily chosen sphere. These trans- 
formations generate a six-term subgroup of the ten-term group. 


The Theorem 31 is only a special case of the following more general 


Theorem 32. /f, in the variables x,,...,X,, an arbitrary group is given, finite or infinite, continuous 
or not continuous, then the totality of all transformations contained in it which leave invariant an 
arbitrary system of equations in x\,...,Xy, also forms a group. 
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The proof of this theorem is very simple. Any two infinitesimal transformations of the group 
which, when executed one after the other, leave invariant the system of equations give a transfor- 
mation which belongs again to the group and which at the same time leaves invariant the system of 
equations. As a result, the proof that the totality of transformations defined in the theorem effectively 
forms a group is produced. 

Instead of a system of equations, one can naturally consider also a system of differential equa- 
tions, and then the theorem would still remain also valid. 

Besides, if the given group is continuous, then the subgroup which is defined through the invariant 
system of equations can very well be discontinuous. 


56. 


After we have so far got to know a few methods in order to discover individual sub- 
groups of a given group, we now turn to the more general problem of determining 
all continuous subgroups of a given r-term group X1f,...,X;-f. 

Some m arbitrary independent infinitesimal transformations: 


of our group generate an m-term subgroup if and only if all: 
leer 
[Yu Yv] = Yo hyp hve [Xp, Xo] 
p,o 
express by means only of Yi f,..., Yn. If we insert here the values: 
[Xp, Xo] = », CpotXtf, 


then it comes: 
Lor 


Yu, Yy| = y hup hyoCpotXcf, 


pot 


and it is demanded that these equations take the form: 


[Yu Yy| = y luvaYnf = x x luvaharXcf. 


t=1 2=1 


For this to hold, it is necessary and sufficient that the equations: 


ler m 
>a hup hyo Coot = y luvahat 
(1) p,o nm=1 


(U,Vv=1--m; T=1---1r) 
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can be satisfied; for this to be possible, all the (m+ 1) x (m+1) determinants of the 
matrix: 


Loe huphvocpo1 hit + hm 
yoo huphyoCpor hi, . hr 


must vanish. 

As a result, we have a series of algebraic equations for the determination of the 
mr unknowns /hzp. But because Y\ f,...,¥inf should be independent infinitesimal 
transformations, one should from the beginning exclude every system of values hzp 
which brings to zero all m x m determinants of the matrix: 


Ait: + Mm 
hy, = hr 


If the hzp are determined so that all these conditions are satisfied, then for every 
pair of numbers LL, v, the equations (1) reduce to exactly m equations that determine 
completely the unknown constants lyy1,...,/uvm. Therefore, every system of solu- 
tions hzp provides an m-term subgroup, and it is clear that in this way, one finds all 
m-term subgroups. 

With this, we have a general method for the determination of all subgroups of a 
given r-term group; however in general, this method is practically applicable only 
when the number r is not too large; nonetheless it shows that the problem of deter- 
mining all these subgroups necessitates only algebraic operations, which actually is 
already a very important result. 


Theorem 33. The determination of all continuous subgroups of a given r-term 
group X\f,...,X;f necessitates only algebraic operations; the concerned opera- 
tions are completely determined in terms of the constants Cjxs in the relationships 


[Xi, Xx] = > Ciks Xs f (i,k=1--r). 
s=l 


In specific cases, the determination of all subgroups of a given group will often 
be facilitated by the fact that one knows from the beginning certain subgroups and 
actually also certain properties of the concerned group; naturally, there is also a 
simplification when one has already settled the corresponding problem for one sub- 
group of the given group. In addition, we shall see later that the matter is actually 
not of really setting up all subgroups, but rather, that it suffices to identify certain 
of these subgroups (cf. the studies on types of subgroups, Chap. 23). 


+ LIE, Archiv for Mathematik of Naturv., Vol. 1, Christiania 1876. 
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Let the m independent infinitesimal transformations: 
if 
Yuf = Yo hye Xf (u=1--m) 
k=l 


generate an m-term subgroup of the r-term group X,/f,...,X;f. Then the general 
infinitesimal transformation of this subgroup is: 


» On Yuf = > s Ou hyrXkf, 
uU=1 


p=1 k=1 


where the a, denote arbitrary parameters. 

As a consequence of this, all infinitesimal transformations e; Xf +---+e,X,f 
of the r-term group which belong to the m-term subgroup Y| f,...,¥mf are defined 
by the equations: 


m 
ee = > On Nuk (k=1-+r). 
M=1 
Hence if we imagine here that the m arbitrary parameters OQ, are eliminated, we 
obtain exactly r — m independent linear homogeneous equations between e1,...,é;, 


so that we can say: 


Proposition 6. /f e; X; f +---+e-X;-f is the general infinitesimal transformation 
of an r-term group, then the infinitesimal transformations of an arbitrary m-term 
subgroup of this group can be defined by means of r —m independent linear homo- 
geneous relations between e1,...,€y- 


The infinitesimal transformations which are common to two distinct subgroups 
of an r-term group X)/f,...,X;f generate in turn a subgroup; indeed, according to 
Chap. [9] Proposition 2, p. the infinitesimal transformations common to the 
two groups generate a group, which, naturally, is contained in X)f,...,X;f as a 
subgroup. 

Now, if we assume that one of the two groups is m-term, and the other -term, 
then their common infinitesimal transformations will be defined by means of r — 
m-+r-— linear homogeneous equations between the e, some equations which need 
not, however, be mutually independent. 

From this, we conclude that amongst the common infinitesimal transformations, 
there are at least r—(2r—m— MU) =m-+u —r which are independent. Therefore, 
we have the statement: 


Proposition 7. /f an r-term group contains two subgroups with m and [ param- 
eters, respectively, then these two subgroups have at least m+ LM —r independent 
infinitesimal transformations in common. The infinitesimal transformations of the 
r-term group which are actually common to the two subgroups generate in turn a 
subgroup. 
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This proposition can evidently be generalized: 

Actually, if amongst the infinitesimal transformations e; X; f+---+e,X,f of an 
r-term group, two families are sorted, the one by means of r—m linear homogeneous 
equations, the other by means of r— Ut such equations, then there are at least m+ UU — 
r independent infinitesimal transformations which are common to the two families. 


Chapter 13 
Transitivity, Invariants, Primitivity 


The concepts of transitivity and of primitivity which play a so broad role in the 
theory of substitutions, shall be extended [AUSGEDEHNT] here to finite continuous 
transformation groups. In passing, let us mention that these concepts can actually 
be extended to all groups, namely to finite groups and to infinite groups as well, to 
continuous groups and to not continuous groups as wel il 


58. 
A finite continuous group in the variables x;,...,x, is called transitive when, in 
the space (x,,...,Xn), there is an n-times extended domain inside which each point 


can be transferred to any other point by means of at least one transformation of the 
group. One calls intransitive every group which is not transitive. 
According to this definition, an r-term group: 


/ f 
Ne JAR 5 xn cx ny Biya Gp) (i=1---n) 
. 8 . / / 
is transitive when in general/|, to every system of values x1,...,%n, X),---,X;, at least 
one system of values a),...,a,; can be determined so that the equations x; = f;(x, a) 


are satisfied by the concerned values of x, a, x’. In other words: The equations 7 = 
fi(x, a) of a transitive group can be resolved with respect to n of the r parameters 
aj,...,a,. If by contrast such a resolution if impossible, and if rather, from from the 
equations x, = fi(x, a) of the group, one can derive equations which are free of the 
parameters a and which contain only the variables x,...,Xn; ti ...,;X,, then the 
group is not transitive, it is intransitive. 


+ After that LIE had integrated in 1869 a few differential equations with known continuous groups, in 1871 and in 
1872, he stated in conjunction with KLEIN the problem of translating the concepts of the theory of substitutions as 
far as possible into the theory of the continuous transformation groups. LIE gave the settlement of this problem in 
details; on the basis of the presentation and of the concepts exhibited through here, as early as in 1874, he developed 
the fundamentals of a general theory of integration of the complete systems which admit known infinitesimal transfor- 
mations (Verh. d. G. d. W. zu Christiania, 1874). He reduced this problem to the case where the known infinitesimal 
transformations generate a finite continuous group which is imprimitive, since its transformations permute the charac- 
teristic manifolds of the complete system. Amongst other things, he determined all cases where the integration of the 


complete system can be performed by means of quadratures. 


' As usual (cf. Chap. [I), one reasons generically, hence the concept of transitivity is essentially considered for 


(sub)domains and for generic values of the x and of the x’. 
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From this, we see that every transitive group of the space x,...,x, contains at 
least n essential parameters. 

If a transitive group in n variables has exactly n essential parameters, then in 
general, it contains one, but only one, transformation which transfers an arbitrary 
point of the space to another arbitrary point; hence in particular, aside from the 
identity transformation, it contains no transformation which leaves invariant a point 
in general position. We call simply transitive [EINFACH TRANSITIV] every group of 
this nature. 

The general criterion for transitivity and, respectively, for intransitivity of a group 
given above is practically applicable only when one knows the finite equations of 
the group. But should not there be a criterion the application of which would require 
only the knowledge of the infinitesimal transformations of the group? We will show 
that such a criterion can indeed be exhibited. At the same time, we will find means 
in order to recognize how many and which relations there are between the x and the 
x’ only for an intransitive group with known infinitesimal transformations. 

Let us be given r independent infinitesimal transformations: 


: r) 
Af = yy Built. %n) SE (k=1--r) 
i=l 1 


which generate an r-term group. This group, the finite equations of which we can 
imagine written down in the form: 


P 
Bi = — x, txi+ Yo ex Galx) +e (i=1--n), 
k=1 
is, according to what precedes, transitive if and only if the n equations ®; = 0,..., 
®,, = 0 are solvable with respect to n of the r parameters e),...,e,-. Consequently, 
for the transitivity of our group, it is necessary and sufficient that not all n xn 
determinants of the matrix: 


OD, | | AD) 
de\ de 
aD, . . AP, 
de; de; 


vanish identically. From this, it follows that the group is certainly transitive when 
the corresponding determinants do not all vanish for e; = 0,...,e- =0, hence when 
not all n x n determinants of the matrix: 


Git? * Gin 
Er ae Cri 


(2) 


are identically zero. 
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As a result, we have found a sufficient condition for the transitivity of our group. 
We now want to study what happens when this condition is not satisfied. 

So, let all n x n determinants of the above-written matrix (2) be identically zero; 
in order to embrace all possibilities in one case, we in addition want to assume that 
all determinants of sizes (n— 1), (n—2),..., (q+ 1) vanish identically, whereas not 
all g x q determinants do this. 

Under these circumstances, it is certain that not all g x q determinants of the 
matrix (1) vanish, hence we can conclude that from the n equations ®; = 0, ..., 


®, = 0, at most n — g equations between the x and x’ only that are free of e1,...,e; 
and are mutually independent can be deduced. 
But now, under the assumptions made, the r equations X; f = 0, ..., X;.f = 0 re- 


duce to g < n independent ones, say to: X; f =0,..., X,f =0, while Xgiif,...,Xrf 
can be expressed as follows: 


Xgivl = Pvilx) Xf +--+ + Qvq(x) Xgf (V=1-r-9). 


Consequently, for all values of i and k, one will have: 


q Vad 
[X;, Xx] = y (cus ++ y Cik,q+v ov) Xif, 
j=l 


v=1 


that is to say: the g equations X; f = 0, ..., X7f = 0 form a q-term complete system 
with n — q independent solutions, which can be denoted by Q1(x),...,Qn—q(x). 
These solutions admit every infinitesimal transformation of the form e; X;f+---+ 
e,X,f, hence every infinitesimal transformation, and in consequence of that, also 
every finite transformation of our r-term group X,f,...,X,f (cf. Chap. [6] p. (110). 
Analytically, this expresses by saying that between the variables x and x’, which 
appear in the transformation equations of our group, the following n — qg equations 
free of the e are extant: 


ON ince, | A jpaety Ra ly.vaaden ¢ gag) eg igs 


Above, we said that between the x and the x’ alone, there could exist at most n— g 
independent relations, and therefore we have found all the relations in question. 

In particular, we realize that the group X)f,...,X,f is intransitive as soon as all 
nxn determinants of the matrix (2) vanish identically. With this, it is shown that 
the sufficient condition found a short while ago for the transitivity of the group 
X\f,...,X,f is not only sufficient, and that it is also necessary. 

We formulate the gained results as propositions. At the head, we state the 


Theorem 34. The r-term group X\f,...,X;f of the space x,...,Xy, is transitive 
when amongst the r equations X, f =0,...,X;f =0, exactly n mutually independent 
ones are found, and it is intransitive in the opposite case. 


Then a proposition can follow: 
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Proposition 1. From the finite equations: 


HST Rig ce Binsaiady) (i=1---n) 


of an r-term group with the infinitesimal transformations X\f,...,X;f, one can 
eliminate the r parameters a,,...,a; only when the group is intransitive; in this 
case, one obtains between the x and the x' a certain number of relations that can be 
brought to the form: 


Oe hy) = MCE s%n)— (KELD)} 


here, Q(x), Q2(x),... are a system of independent solutions of the complete sys- 
tem which is determined by the r equations X, f = 0, ..., X;f = 9. 


In Chap. [6] p. we saw that the solutions of the linear partial differential 
equations X f = 0 are the only invariants of the one-term group X f; accordingly, 
the common solutions of the equations X; f = 0, ..., X;f = 0 are the only invariants 
of the group X,f,...,X;. We can hence state the proposition: 


Proposition 2. /f the r-term group X,f,...,X;f of the space x,...,Xy is transitive, 
then it has no invariant; if it is intransitive, then the common solutions of the equa- 
tions X,f =0,..., X;f =0 are its only invariants. 


In order to get straight [KLARSTELLEN] the conceptual sense [BEGRIFFLICHEN SINN] 
of the gained analytic results, we now want to interpret x;,...,x, aS point coordi- 
nates of a space of n dimensions. 

Let the complete system mentioned in the theorem be qg-term and let the number 
q be smaller than n, so that the group X) f,...,X;,f is intransitive. Let the functions 


Qy(X1,..-,Xn)s --+» Qn—g(*1,---,Xn) be independent solutions of the complete sys- 
tem in question, and let C),...,C,—g denote arbitrary constants. Then the equations: 
2) =Ci, ..-, Qn-g = Cn—q 


decompose the whole space in "4 different q-times extended subsidiary domains 
[THEILGEBIETE] Which all remain invariant by the group X,f,...,X;f. Every point 
of the space belongs to a completely determined subsidiary domain and can be 
transferred only to points of the same subsidiary domain by transformations of the 
group. Still, the points of a subsidiary domain are transformed transitively, that is 
to say, every point in general position in the concerned subsidiary domain can be 
transferred to any other such point by means of at least one transformation of the 


group. 
If x,,...,%, 1S a point in general position, then we also call the functions 
Qy(x),...,Qn—q(x) the invariants of the point x1,...,%n with respect to the group 


X\f,...,X,f. The number of these invariants indicates the degree of intransitivity of 
our group, since the larger the number of invariants is, the smaller is the dimension 
number of the subsidiary domains, inside which the point x1,...,x, stays through 
the transformations of the group. 
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Relatively to a transitive group, a point in general position clearly has no invari- 
ant. 


The theorem stated above enables to determine whether a given group X1f,...,X;f 
is transitive or not. At present, one can give various other versions of the criterion 
contained there for the transitivity or the intransitivity of a group. 

At first, with a light change of the way of expressing, we can say: 

An r-term group X1f,...,X;f in x1,...,Xn is transitive 1f and only if amongst its 
infinitesimal transformations, there are exactly n — say X,f,...,Xnf — which are 
linked by no relation of the form: 


X1 (Sig see Xn) Xi f+ ae + X%n(x1, see a ae = 0, 


whereas X41 f,...,X,f express as follows in terms of X,f,...,Xif: 


Xn+jf = jl (x) Xi f+ +--+ Ojn(x) Xnf 
(j=1--r—n). 


If there are no infinitesimal transformations of this constitution, then the group is 
intransitive. 

Now, if we remember that every infinitesimal transformation X;f attaches a di- 
rection to each point of the space x,,...,X,, and if we yet add what has been said in 
Chap. [6] p. [113] about the independence of such directions which pass through the 
same point, then we can state also as follows the criterion for the transitivity of a 


group: 


Proposition 4. A group X\f,...,X;f in the variables x,,...,Xn is transitive when it 
contains n infinitesimal transformations which attach to every point in general posi- 
tion n independent directions; if the group contains no infinitesimal transformation 
of this constitution, then it is intransitive. 


On the other hand, let us remember the discussions in Chap.[11] p.[212| where we 
imagined the infinitesimal transformations of the group expanded with respect to the 
powers of the x; —x? in the neighbourhood of a point x? in general position. Since 
a transitive group X,/f,...,X;f in the variables x,,...,x, contains n infinitesimal 
transformations, say: X,f,...,Xnf which are linked by no relation 7; (x) X;f+---+ 
Xn(x) X,f = 0, we obtain the following proposition: 


Proposition 5. An r-term group X,f,...,X;f in the n variables x,,...,Xy is transi- 
tive if, in the neighbourhood of a point x in general position, it contains exactly n 
independent infinitesimal transformations of zeroth order in the x; — x0 out of which 
no infinitesimal transformation of first order or of higher order can be linearly de- 
duced. If the number of such infinitesimal transformations of zeroth order is smaller 
than n, then the group is intransitive. 


From this, one sees that one needs only know the defining equations of the group 
X\f,...,X,f in order to settle its transitivity or its intransitivity. 


226 13 Transitivity, Invariants, Primitivity 


Finally, we can also state as follows the first part of the Proposition 5: 

The group X)f,...,X;f is transitive when in the neighbourhood of a point ra in 
general position, it contains exactly r —n independent infinitesimal transformations 
whose power series expansions with respect to the x; — x? start with terms of of 
first or of higher order, hence when the group contains exactly r — n, and not more, 
independent infinitesimal transformations which leave invariant a point in general 
position. — 


If one only knows the infinitesimal transformations Xj f,...,X;,f of an intransitive 
group, then as we have seen, one finds the invariants of the group by integrating 
the complete system X;f = 0,...,X;f = 0. Now, it is of great importance that this 
integration is not necessary when the finite equations of the group are known, so 
that in this case, the invariants of the group are rather found by plain elimination. 

In order to prove this, we imagine that the finite equations of an intransitive group 
are given: 

ee ee eee (i=1--n), 


and then we eliminate the parameters a),...,a,; from them. According to what pre- 
cedes, it must be possible to bring the n — gq independent equations obtained in this 
way: 


(3) Wa Migs ca Ray Ajay) =O (¢=1--n=9), 
to the form: 
/ / 
(4) ig oy) = Gai) (u=1--n—g), 
where the Q,,(x) are the sought invariants. Hence, when we solve the equations (3) 
with respect to n — q of the variables x/,,...,x),: 
/ j / 
Ke = Thy cigs Arn he pie sean) (u=1--n—q), 
which is always possible, then we obtain n — q functions IT), ... , [,—¢ in which the 
variables x;,...,xX, occur only the combinations Q)(x),...,Qn—q(x). Consequently, 


the n — g expressions: 


jo Gs ween Ojngiasceny Oh) (u=1--n—q) 


in which O,—¢+1,---, Qn denote constants, represent invariants of our group, and in 
fact clearly, n — g independent invariants. — 
The following therefore holds true. 


Theorem 35. /f one knows the finite transformations: 
/ : 
ie = Ji ijetiedie Giga) (i=1---n) 


of an intransitive group, then one can find the invariants of this group by means of 
elimination. 


§ 59. 


When we studied how a point in general position behaves relatively to the trans- 
formations of an r-term group, we were conducted with necessity to the concepts 
of transitivity and of intransitivity [WURDEN WIR MIT NOTHWENDIGKEIT AUF DIE BE- 
GRIFFE TRANSITIVITAT UND INTRANSITIVITAT GEFUHRT]. We obtained in this way a divi- 
sion [EINTHEILUNG] of all r-term groups of a space of n dimensions in two different 
classes, exactly the same way as in the theory of substitutions; but at the same time, 
we yet obtained a division of the intransitive groups too, namely according to the 
number of the invariants that a point in general position possesses with respect to 
the concerned group. 

Correspondingly to the process of the theory of substitutions, we now can also go 
further and study the behaviour of two or more points in general position relatively 
to an r-term group. This gives us a new classification of the groups of the R,. 

Let: 

Ve = JAX eoe keg Bigs. sy Oy) (i=1---n) 


be an r-term group and let X;f,...,X;f be r independent infinitesimal transforma- 
tions of it. 


At first, we want to consider two points x/,...,x/, and x/,...,xj, and to seek their 
invariants relatively to our group, that is to say: we seek all functions of x/,...,x/,, 
x/,...,) which remain invariant by the transformations of our group. 


To this end, we write the infinitesimal transformations X; f once in the x’ under the 
form X{f and once in the x” under the form X/’f; then simply, the sought invariants 
are the invariants of the r-term group: 


(5) Xif+Xef (ee 


in the Variables 25 4025 % qs Hy adage 


If Ji (x),...,Jp, (x) are the invariants of the group X/f,...,X,f, then without ef- 
fort, the 20; functions: 


Tie eomd ole Ti cated ae) 


are invariants, and in fact, independent invariants of the group (5); but in addition, 
there can yet be a certain number, say 2, of invariants: 


1 


eA / 1 / / / i 1 
Jpeg Mig terg hy) a croup greet ee) 


which are mutually independent and are independent of the 2p; above invariants. 
So in this case, two points in general position have 2/¢; + P2 independent invariants 
relatively to the group X,/f,...,X,f, amongst which however, only pz have to be 
considered as essential, because each one of the two points already has p; invariants 
for itself. Under these assumptions, from the equations: 
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/ / / " N 
Ve FG javsg dy A iceandy), Ve = FM) cteg hos Giger) 
Gada) 


there result the following relations free of the a: 


Ie(y’) = Sk’), SQ") = Ae") (k=1--p1) 
Fly, y”) =F (x) (j=1+- po). 
Therefore, if we imagine that the quantities x,...,x/, and y},...,y/, are chosen 


fixed, then the totality of all positions y/,...,y/’ which the point x/,...,xj) can take 
are determined by the equations: 


AO) =k"),  FOy") = Fj") 
(k=1--pi; j=1--p2)5 


so there are oo” 1 ~P2 distinct positions of this sort. 

In a similar way, one can determine the invariants that three, four and more points 
have relatively to the group. So one finds a series of entire number pj, P2, 3, ..- 
which are characteristic of the group and which are independent of the choice of 
variables. If one computes these numbers one after the other, one always comes to 
a number ~,, which vanishes, while at the same time all numbers Pm+1, Pm+2> --- 
are equal to zero. 

We do not want to address further the issue about these behaviours, but it must 
be observed that analogous considerations can be endeavoured for every family of 
co” transformations, shall this family constitute a group or not. 


60. 


Above, we have seen that an intransitive group X;/f,...,X,,f decomposes the entire 
space (x,,...,X,) ina continuous family of g-times extended manifolds of points: 


Dy (Bijcans Xp) =(C, sees Ong Higacsg hy) =Ch—q 


which remain all invariant by the transformations of the group. Here, the Q denote 
independent solutions of the g-term complete system which is determined by the 
equations X; f = 0,...,X,f =0. 

Each point of the space belongs to one and to only one of the oo”? manifolds 
Qy =a), ..., Qn—q = 4n—q, 8O in the sense provided by Chap. 6,[113] we are dealing 
with a decomposition of the space. This decomposition remains invariant by all 
transformations of the group X,/f,...,X,f; and at the same time, each one of the 
individual subsidiary domains in which the space is decomposed stays invariant. 

It can also happen for transitive groups that there exists a decomposition of the 
space in co” 7 g-times extended manifolds 2) = a1, ..., Qu—g = 4n—q which remain 
invariant by the group. But naturally, each individual manifold amongst the oo” 4 
manifolds need not remain invariant, since otherwise the group would be intransi- 
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tive; these co” manifolds must rather be permuted by the group, while the totality 
of them remains invariant. 

Now, a group of the R, is called imprimitive [imprimitiv] when it determines at 
least one invariant decomposition of the space by oo” 4 g-times extended manifolds; 
a group for which there appears absolutely no invariant decomposition is called 
primitive [primitiv]. That the values g = 0 and g = n are excluded requires hardly 
any mention here. 

The intransitivity is obviously a special case of imprimitivity: every intransitive 
group is at the same time also imprimitive. On the other hand, every primitive group 
is necessarily transitive. 

Now, in order to obtain an analytic definition for the imprimitivity of an r-term 
group X,f,...,X;-f, we need only to remember that every decomposition of the 
space in oo” g-times extended manifolds y; = const., ..., y,—g = const. is analyt- 
ically defined by the g-term complete system Y; f = 0, ..., Y,f = 0, the solutions 
of which are the y;. The fact that the concerned decomposition remains invariant by 
the group X;f,...,X;f amounts to the fact that the corresponding qg-term complete 
system admits all transformations of the group. 

The g-term complete system Y;,f = 0 admits our group as soon it admits the 
general one-term group A,X; f+---+A,X;,f. According to Theorem 20, Chap. 
p. this is the case when, between the X;f and the Y;f, there exist relationships 
of the following form: 


q 
Xi, Yl = Yo View (x) Wf. 
v=1 


Consequently, it is a necessary and sufficient condition for the imprimitivity of 
the group X, f,...,X;.f that there exists a g-term complete system: 


Y, f = 0, rage tay =O (q<n) 


which stands in such relationships with the X;f. 

Besides, the group X1/f,...,X;f can also be imprimitive in several manners, that 
is to say, there can exist many, and even infinitely many systems that the group 
admits. 

Later, we will develop a method for the setting up of all complete systems which 
remain invariant by a given group. Hence in particular, we will also be able to deter- 
mine whether the group in question is primitive or not. Naturally, the latter question 
requires a special examination only for transitive groups. 

Now, yet a brief remark. 

Let the equations: 

JI =C, ..., Yn—q = &n-q 


represent a decomposition of the space x,,...,x, which is invariant by the group 
Xi f,...,X,f. Then if we introduce yj,...,¥n—g together with g other appropriate 
functions z),...,% Of X1,...,%n aS new independent variables, the infinitesimal 
transformations X;f receive the specific form: 
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n—q of q og 
Lf = >, Oi V1 ++-1Yn—g) 5 —~ + y Gj V1) «+ sIn—gy Z1y---12q) 5 
u=l Yu j=l “ij 


(k=1r). 


Now, according to Chap. p. all infinitesimal transformations e) X, f + 
---+e,X;,f which leave invariant a determined manifold y; = yo, 69 Yn-g = Yp-g 
generate a subgroup. If we want to find the infinitesimal transformations in question, 
then we only have to seek all systems of values e1,...,e- which satisfy the n — q 
equations: 


- 
- Ce Oey (V1 y+», Yo_q) =0 (U=1--n—q). 
k=1 
If r > n—gq, then there always are systems of values e;,...,e, of this constitution, 
and consequently in this case, the group X1f,...,X;f certainly contains subgroups 
with a least r—n-+q parameters. 
Besides, it is clear that the r reduced [VERKURZTEN] infinitesimal transformations: 


pee n—-q af 
Xf = y Ou (V1) +--.In—g) = — (k=1---r) 
u=1 vu 
in the n — q variables y),...,¥n—gq generate a group; however, this group possibly 


contains not r, but only a smaller number of essential parameters. Clearly, the cal- 
culations indicated just now amount to the determination of all infinitesimal trans- 
formations e; X;f +---+e,-X;f which leave invariant the point y, ne ee of the 
(n — q)-times extended space yj,...,¥n—g- 


Chapter 14 


Determination of All Systems of Equations 
Which Admit a Given r-term Group 


If a system of equations remains invariant by all transformations of an r-term group 
X\f,...,X,f, we say that it admits the group in question. Every system of equa- 
tions of this constitution admits all transformations of the general one-term group 
ye, X;,f, and therefore specially, all co’! infinitesimal transformations ¥, e, X,f of 
the r-term group. 

Now on the other hand, we have shown earlier on that every system of equations 
which admits the r infinitesimal transformations X,f,...,X,f and therefore also, 
all oo”! infinitesimal transformations Y, e,X;f, allows at the same time all finite 
transformations of the one-term group )° e;, X;f, that is to say, all transformations of 
the group X,f,...,X,f (cf. Theorem 14, p.[123). Hence if all systems of equations 
which admit the r-term group X,f,...,X;f are to be determined, this shall be a 
problem which is completely settled by the developments of the Chap. [/| Indeed, 
the problem of setting up all systems of equations which admit r given infinitesimal 
transformations is solved in complete generality there. 

However, the circumstance where the X)f,...,X;f which are considered here 
generate an r-term group means a really major simplification in comparison to the 
general case. Hence it appears to be completely legitimate that we settle indepen- 
dently the special case where the X;,f generate a group. 

The treatment of the addressed problem turns out to be not inessentially different, 
whether or not one also knows the finite equations of the concerned group. In the 
first case, no integration is required. But in the second case, one does not make it 
in general without integration; however, some operations which were necessary for 
the general problem of the chapter[/|drop. 

We shall treat these two cases one after the other, above all because of the ap- 
plications, but also in order to afford a deeper insight into the matter; in fact, the 
concerned developments complement one another mutually!) 

Lastly, let us yet mention that from now on, we shall frequently translate the com- 
mon symbolism of the theory of substitutions into the theory of the transformation 
groups. So for example, we denote by S, 7, ... individual transformations, and by 


+ LIE, Math. Ann. Vol. XI, pp. 510-512, Vol. XVI, p. 476. Archiv for Math. og Nat., Christiania 1878, 1882, 1883. 
Math. Ann. Vol. XXIV. 
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S~!,T—!, ... the corresponding inverse transformations. By ST, we understand the 
transformation which is obtained when the transformation S is executed first, and 
then the transformation 7. From this, it follows that expressions of the form SS~!, 
TT~! mean the identity transformation. 


61. 


We consider an arbitrary point P of the space. The totality of all positions that this 
point takes by the -” transformations of the group forms a certain manifold M; we 
shall show that this manifold admits the group, or in other words, that every point 
of M is transferred to a point again of M by every transformation of the group. 

Indeed, let P’ be any point of M, and let P’ come from P by the transformation S 
of our group, what we want to express by means of the symbolic equation: 


(P)S= (P). 


Next, if T is a completely arbitrary transformation of the group, then by the execu- 
tion of 7, P’ is transferred to: 


(P’)T = (P)ST; 


but since the transformation ST belongs to the group as well, (P) ST is also a point 
of M, and our claim is therefore proved. 

Obviously, every manifold invariant by the group which contains the point P 
must at the same time contain the manifold M. That is why we can also say: M is 
the smallest manifold invariant by the group to which the point P belongs. 

But still, there is something more. It can be shown that with the help of transfor- 
mations of the group, every point of M can be transferred to any other point of this 
manifold. Indeed, if P’ and P” are any two points of M and if they are obtained from 
P by means of the transformations S and U, respectively, one has the relations: 


(P)S=(P'), (P)U=(P"); 
from the first one, it follows: 
(P!)S~' = (P) SS" =(P); 
hence with the help of the second one, it comes: 
(PSU =(P"), 


that is to say, by the transformation S~'U which likewise belongs to the group, 
the point P’ is transferred to the point P”. As a result, the assertion stated above is 
proved. 

From this, we realize that the manifold M can also be defined as the totality of all 
positions which any of its other points, not just P, take by the oo” transformations of 
the group. 
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Consequently, the following holds true. 


Theorem 36. [f, on a point P of the space (x1,...,X,), one executes all oo" trans- 
formations of an r-term group of this space, then the totality of all positions that 
the point takes in this manner forms a manifold invariant by the group; this man- 
ifold contains no smaller subsidiary domain invariant by the group, and it is itself 
contained in all invariant manifolds in which the point P lies. 


If one assumes that the finite equations x} = fi(x1,...,%n, @1,---,@r) of the r-term 
group are known, then without difficulty, one can indicate for every point x?,...,x? 
the smallest invariant manifold to which it belongs. Indeed by the above, the man- 
ifold in question consists of the totality of all positions x;,...,x, that the point 
te ...,x° take by the transformations of the group; but evidently, the totality of 
these positions is represented by the n equations: 


0 0 : 
SFA act X iguana) (i=1---n) 


in which the parameters a are to be interpreted as independent variables. If one 
eliminates the a, one obtains the sought manifold represented by equations between 
the x alone. 


Here, it is to be recalled that in the equations x; = f;(x°,a), the a are not completely arbitrary; 
indeed, all systems of values a1,...,a, for which the determinant: 


vanish are excluded from the beginning, because we always use only transformations which are 


solvable. From this, it follows that in certain circumstances, one obtains, by elimination of the a, 


a manifold which contains, aside from the points to which a ...,x9 is transferred by the solvable 


"en 


transformations of the group, yet other points; then as one easily sees, the latter points form in turn 
an invariant manifold. 


Furthermore, it is to be remarked that the discussed elimination can take different 
shapes for different systems of values cae indeed, the elimination of the a need 
not conduct always to the same number of relations between the x, which again 
means that the smallest invariant manifolds in question need not have all the same 
dimension number. 

If, amongst all smallest invariant manifolds of the same dimension number, one 
takes infinitely many such invariant manifolds according to an arbitrary analytic 
rule, then their totality also forms an invariant manifold. In this way, all invariant 
manifolds can obviously be obtained. 

So we have the 


Theorem 37. Jf one knows the finite equations of an r-term group X\f,...,X;f in 
the variables x1,...,Xy, then without integration, one can find all invariant systems 
of equations invariant by the group, or, what is the same, all manifolds invariant by 
it. 
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In Chap. [12] p.[215] we have seen that an r-term group G, in x1,...,Xn associates to 
every point of the space a completely determined subgroup, namely the subgroup 
which consists of all transformations of the G, which leave the point invariant. 

Let the point P be invariant by an m-term subgroup of the G,, but by no subgroup 
with more terms; let S be the general symbol of a transformation of this m-term 
subgroup, so that one hence has: (P)S = (P). Moreover, let T be a transformation 
which transfers the point P to the new position P’: 


(Pyr=P'. 


Now, if T is an arbitrary transformation of the G, which transfers P to P’ as well, 
we have: 
(P)T = (P’) = (P)T, 


hence it comes: 
(P)TT | =(P). 


From this, it is evident that ti belongs to the transformations S, hence that: 
T=ST 


is the general form of a transformation of the same constitution as T. Now, since 
there are precisely o”” transformations S, we see that: 


The G, contains exactly e" transformations which transfer P to P'. 


On the other hand, if we ask for all transformations S’ of the G, which leave 
invariant the point P’, then we have to fulfill the condition (P’) S’ = (P’). From it, 
we See that: 

(P)TS'=(P)T and (P)TS'T !=(P), 


and consequently T S’T~! is a transformation S, that is to say S’ has the form: 
S=T"' ST. 


One sees with easiness here that S$ can be a completely arbitrary transformation 
of the subgroup associated to the point P; as a result, our group contains exactly 
co” different transformations S’, and in turn now, they obviously form an m-term 
subgroup of the G,. 

The results of this paragraph obtained up to now can be summarized as follows. 


Proposition 1. /f an r-term group G, of the R, contains exactly " and not more 
transformations S which leave the point P invariant, and if in addition it contains 
at least one transformation T which transfers the point P to the point P’, then it 
contains on the whole «" different transformations which transfer P to P'; the gen- 
eral form of these transformations is: ST. In addition, the G, contains exactly 0" 
transformations which leave invariant the point P’; their general form is: T~' ST. 
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From the second part of this proposition, it follows that the points which admit 
exactly co” transformations of our group are permuted by the transformations of the 
group, while their totality remains invariant. 

Hence the following hold true. 


Theorem 38. The totality of all points which admit the same number, say ~'", and 
not more transformations of an r-term group, remains invariant by all transforma- 
tions of the group. 


We have proved this theorem by applying considerations which are borrowed 
from the theory of substitutions. But at the same time, we want to show how one 
can conduct the proof in case one abstains from such considerations, or from a more 
exact language. 

A point x?, ...,x° which allows oo” transformations of the r-term group: 


Of 


Xf = Y él X1 yee, Xn) 5 


(k=1--r) 


admits precisely m independent infinitesimal transformations of this group. Hence 
the group contains, in the neighbourhood of cae ...,x9, exactly m independent in- 
finitesimal transformations whose power series expansions with respect to the x; — 
hc begin with terms of first order or of higher order. Now, if we imagine that new 
variables: . 
ae 0 , 
m=x+) Otej (Xe — XR) +-°° (i=1--n) 
k=1 
piss O11 --+ Onn £0, 


are introduced in the group, then according to Chap. p. we obtain a new 
group in the x; which, in the neighbourhood of x contains in the same way exactly 
m independent infinitesimal transformations of first order or of higher order. In par- 
ticular, if we imagine that the transition from the x; to the x; is a transformation of 
the group X, f,...,X;f, then the group in the x; is simply identical to the group: 


= a a) 
Xef = ¥ buls--s%) $2 (k=1--r) 
i=1 u 


(cf. Chap. 3] p.[44). In other words, if, by a transformation of our group, the point 
x is transferred to the point ce then this point also admits precisely m independent 
infinitesimal transformations of the group. But with this, the Theorem 38 is visibly 
proved. 

From the Theorem 38 it comes immediately that the following proposition also 
holds true: 


Proposition 2. The totality of all points x1,...,X, which admit m or more indepen- 
dent infinitesimal transformations of the r-term group Xf ,...,X;f remains invari- 
ant by this group. 
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If we associate this proposition with the developments in Chap.[L1] Proposition 4, 
p. we obtain a new important result. At that time, we indeed saw that the 
points x1,...,X, which admit m or more independent infinitesimal transformations 
e,X,f+---+e,X,f of the r-term group X,f,...,X;f are characterized by the fact 
that all (r—m-+1) x (r—m-+ 1) determinants of a certain matrix are brought to 
vanishing. At present, we recognize that the system of equations which is obtained 
by equating to zero these (r—m-+ 1) x (r—m-+1) determinants admits all transfor- 
mations of the group X,f,...,X,f. As a result, we have the 


Theorem 39. [fr independent infinitesimal transformations: 


z a) 
Kef = Guiles...) SE (k=1---r) 
i=] U 


generate an r-term group, then by equating to zero all (r —m-+1) x (r—m+1) 
determinants of the matrix: 


611(a) ** Sim 
CA (x) a Cr 


one always obtains a system of equations which admits all transformations of the 
group X1f,...,X;f; this holds true for every number m < r, provided only that there 
actually exist systems of values x,,...,Xn which bring to zero all the (r —m+1) x 
(r—m-+ 1) determinants in question. 


Later in the course of this chapter ($$ 66 and 67, p.[245]and[247|resp.), we will 
give yet two different purely analytic proofs of the above important theorem. Tem- 
porarily, we observe only the following: 

The Theorem 39 shows that there is an essential difference between the problem 
of the Chap. [7|p. [134] up to[143]and the one of the present chapter. 

If X,f,...,X;f generate an r-term group, then by equating to zero all (r—m+ 
1) x (r—m-+ 1) determinants of the matrix (1), one always obtains an invariant sys- 
tem of equations, only as soon as all these determinants really can vanish at the same 
time. But this is not anymore true when it is only assumed about the X;,f that, when 
set to zero, they constitute a complete system consisting of of r, or less equations. In 
this case, it is certainly possible that there are invariant systems of equations which 
embrace the equations obtained by equating to zero the determinants in question, 
but it is not at all always the case that one obtains an invariant system of equations 
by equating to zero these determinants, just like that. To get this, further operations 
are rather necessary in general, as it is explained in Chap. [7] p.[135]sq. 

In the last paragraph of this chapter, p. we will study this point in more 
details. 


(1) 
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In the preceding paragraph, we have seen that, from the infinitesimal transforma- 
tions of an r-term group, one can derive without integration certain systems of equa- 
tions which remain invariant by the concerned group. Now, we will show how one 
finds all systems of equations which admit an r-term group with given infinitesimal 
transformations: 


_ n of - 
Xi f = L CEU, osha) os aio: 


We want to suppose that amongst the r equations X; f = 0, ..., Xf = 0, exactly 
q mutually independent are extant, hence that in the matrix (1), all (g+1) x (¢+1) 
determinants vanish identically, but not all g x g ones. 

Exactly as in Chap. [7] p. [132] and [134] we can then distribute in q +1 different 
classes the systems of equations which admit the r infinitesimal transformations 
X\f,...,X,f. In one and the same class, we reckon here the systems of equations by 
virtue of which all (p+1) x (p+1) determinants of the matrix (1) vanish, but not all 
PD X p determinants, where it is understood that p is one of the g+1 numbers q, q—1, 
..., 1, 0. If we prefer to apply the way of expressing of the theory of manifolds, we 
must say: to one and the same class belong the invariant manifolds whose points 
admit the same number, say exactly r — p, of infinitesimal transformations e; X; f+ 
---+e,X,f. To every point of such a manifold, the infinitesimal transformations 
X\f,...,X,f attach exactly p independent directions, which in turn are in contact 
with the manifold (cf. Chap. p. 145). 

The usefulness of this classification is that it makes it possible to consider every 
individual class for itself and to determine the systems of equations which belong 
to it, or, respectively, the manifolds. 

If the number p equals g, then the determination of all invariant systems of equa- 
tions which belong to the concerned class is achieved by the Theorem 17 in Chap.[7] 
p. Every such system of equations can be represented by relations between the 
common solutions of the equations X; f = 0, ..., X;f = 0. Since these r equations 
determine a g-term complete system, they will of course possess common solutions 
only when gq is smaller than n. 

At present, we can disregard the case p = g. Hence we assume from now on that 
p 1s one of the numbers 0, 1, ..., g—1 and we state the problem of determining all 
manifolds invariant by the group X,f,...,X;f which belong to the class defined by 
the number p. 

The first step for solving this problem is the determination of the locus of all 
points for which all (p+ 1) x (p +1) determinants of the matrix (1) vanish, whereas 
not all p x p determinants do. Indeed, the corresponding locus clearly contains all 
manifolds invariant by the group which belong to our class; besides, according to 
Theorem 38 p. this locus itself constitutes an invariant manifold. 
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In order to find the sought locus, we at first study the totality of all points for 
which all (p+ 1) x (p+ 1) determinants of the matrix (1) vanish, that is to say, we 
calculate all the (p+ 1) x (p+1) determinants of the matrix in question — they 
can be denoted Aj, Ao, ..., Ap — and we set them equal to zero: 


A; =0, ..., Ap =0. 


The so obtained equation then represent a manifold which, according to Theo- 
rem. 39, p. is invariant by the group and which contains the sought locus. 

If there is in fact no system of values x;,...,x, which brings to zero all the A, or 
if the (p + 1) x (p+ 1) determinants can vanish only in such a way that all p x p 
determinants also vanish at the same time, then it is clear that actually no manifold 
invariant by the group X,/f,...,X;f belongs to the class which is defined by p. 
Consequently, we see that not exactly each one of our g +1 classes need to be 
represented by manifolds which belong to it. 

We assume that for the p chosen by us, none of the two exceptional cases dis- 
cussed just now occurs, so that there really are systems of values x1,...,x,, for which 
all (p+ 1) x (p +1) determinants of the matrix (1), but not all p x p ones vanish. 

As we have already observed, the manifold A; = 0, ..., Ap =0 remains invariant 
by the group X,/f,...,X;f. Now, if this manifold is reducible, it therefore consists 
of a discrete number of finitely many different manifolds, so it decomposes with- 
out difficulty in as many different individual invariant manifolds. Indeed, the group 
X\f,...,X;,f is generated by infinitesimal transformations; hence when it leaves in- 
variant the totality of finitely many manifolds, then each individual manifold must 
stay at rest!|. 

Let M,, Mo, ... be the individual irreducible, and so invariant by the group, mani- 
folds in which the manifold A; =0, ..., Ap =0 decomposes. Then possibly amongst 
these manifolds, there are some, for the points of which all p x p determinants of 
the matrix (1) also vanish. When we exclude all manifolds of this special constitu- 
tion, we still keep certain manifolds M,, Mo, ..., the totality of which clearly forms 
the locus of all points for which all (p+ 1) x (p +1) determinants of the matrix (1) 
vanish, but not all p x p ones. 

With this, we have found the sought locus; at the same time, we see that this 
locus can consist of a discrete number of individual invariant manifolds M,, Mo,... 
which, naturally, belong all to the class defined by p. 

Clearly, each manifold invariant by our group which belongs to the class defined 
by p is contained in one of the manifolds M,, Mo, ... So in order to find all such 
manifolds, we need only to examine each individual manifold M;, Mo, ... and 
to determine the invariant manifolds contained in them which belong to the said 
class. According to a remark made earlier on (Chap.[/] Proposition 6, p.[146), each 
invariant manifold belonging to the class p is at least p-times extended. 


' Tn fact, the argument is that each stratum is kept invariant because the group acts close to the identity. 
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The problem, to which we have been conducted at the end of the preceding para- 
graph is a special case of the following general problem: 


Suppose the equations of an irreducible manifold M which remain invariant by 
the transformations of the r-term group X\f,...,X;f are given. In general, the in- 
finitesimal transformations X,f,...,X;f attach exactly p independent directions to 
the points of the manifold with which they are naturally in contact, and the manifold 
is at least p-times extended. To seek all invariant subsidiary domains contained in 
M, to the points of which the transformations X,f,...,X;f attach exactly p inde- 
pendent directions. 


We now want to solve this problem. 
We imagine the equations of M presented under the resolved form: 


Xsti = Psti(X1,--- Xs) (i=1+-n-s), 


but here it should not be forgotten that by the choice of a determined resolution, 
we exclude all systems of values x1, ...,Xn, for which precisely this resolution is not 
possible. It is thinkable that we exclude in this manner certain invariant subsidiary 
domains of M which are caught by another resolution. 

The case p = 0 requires no special treatment, because obviously, the manifold M 
then consists only of invariant points. 

In order to be able to solve the problem for the remaining values of p, we must 
begin by mentioning a few remarks that stand in tight connection to the analytic 
developments in Chap. [7] P.(137/and [138] and which already possess in principle a 
great importance. 

Since the manifold M remains invariant by the transformations of our group, its 
points are permuted by the transformations of the group. Hence, if we disregard all 
points lying outside of M, then our group X,f,...,X;,f determines a certain group 
of transformations of the points of M. However, this new group need not contain r 
essential parameters, since it can happen that a subgroup of the group X1f,..., Xf 
leaves all points of M individually fixed. 

We want to summarize at first what has been said: 


Theorem 40. The points of a manifold that remains invariant by an r-term group of 
the space (x1,...,Xn) are in their turn transformed by a continuous group with r or 
less parameters. 


Since we have assumed that the invariant manifold M is irreducible, we can con- 
sider it as being a space for itself. The analytic expression of the transformation 
group by which the points of this space are transformed must therefore be obtained 
by covering the points of M by means of a related coordinate system and by estab- 
lishing how these coordinates are transformed by the group X,/f,...,X-f. 

Under the assumptions made, the group which transforms the points of M can be 
immediately indicated. Indeed, we need only to interpret x;,...,x; as coordinates of 
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the points of M, and in the finite equations x; = f;(x,a) of the group X,f,...,X,f, to 
replace the X541,...,X%n DY Ms41,---,@n and to leave out x’ ines x}; then we obtain 
the equations of the concerned group, they are the followin: 


/ 5 3 
Ko Fisch Wider, Oe Gisica gay) (i=1--n). 


One could convince oneself directly that one really has to face with a group in the 
variables x;,...,X,. For that, one would only need to execute two transformations 
one after anothet?| under the form just written, and then to take account of two 
facts: firstly, that the transformations . = fi(x1,.--;Xn, 41,---,@r) form a group, 
and secondly that the system of equations x;,; = @,+; admits this group. 

If on the other hand one would want to know the infinitesimal transformations 
of the group in x;,...,x;, then one would only need to leave out the terms with 
Of /OxXs41, -.., Of /OXy in the X;f and to replace x,41,...,X, by the @ in the re- 
maining terms. One finds the r infinitesimal transformations: 


_. a a 
Xf = y Cy singin Pstiy-++5 Qn) ot 
v=1 ae 


(k=1--n), 


which, however, need not be independent of each other. 
We will verify directly that the reduced infinitesimal transformations X;f gen- 
erate a group. The concerned computation is mostly similar to the one executed in 


Chap. [7] p. 
At that time, we indicated the execution of the substitution x,.; = @,+; by means 
of the symbol | |. So we have at first: 


= Of 
Xf = —. 
kf »y [Exv] a 
Furthermore as before, we see through the Eq. (3) of the Chap. [7] p. that: 


X,[Q| — [XQ], 


where it is understood that 2 is a completely arbitrary function of x),...,x,. From 
this, it therefore comes: 


begs. =) 4 [XE jv] — Kibale > 


v=1 


and since relations of the form: 


[Xx, X =) CKinXnf, 


2 Remind from Chaps. [4Jand[9]that only closure under composition counts for Lie. 
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or, what is the same, of the form: 


r 


X6jv —XiEev = > Ckjn Sav 


m=1 


hold true, then we obtain simply: 
Xx, Xx; = 2 CrjnXaf. 
m=1 


As aresult, it is proved in a purely analytic way that X,f,...,X,f really generate 


a group. 
The infinitesimal transformations X,f,...,X;f of the space x,,...,xX, attach ex- 
actly p independent directions dx;: ---: dx, to every point in general position on 


the manifold M, and these directions, as is known, are in contact with the manifold. 
It can be foreseen that the infinitesimal transformations X|f,...,X,f of the space 
X1,...,Xs, or what is the same, of the manifold M, also attach to every point x,,...,X;5 
in general position exactly p independent directions dx,: ---: dx;. We shall verify 
that this is really so. 

Under the assumptions made, after the substitution x54; = @,4;, all (p+ 1) x 
(p + 1) determinants of the matrix (1) vanish, but not all p x p determinants, and 
therefore, amongst the r equations: 


(2) [xa] an [xn] oe (k=1--7), 


exactly p independent ones are extant. From this, it follows that amongst the r equa- 
tions X;f = 0, there are at most p independent ones; our problem is to prove that 
there are exactly p. This is not difficult. 

Since the system of equations x5+; — Qs; = 0 admits the infinitesimal transfor- 
mations X;,f, we have identically: 


[Xe (%s4i — Ps4i)] = 0, 


or if written in greater length: 


Bcsud = (Gel SY, 


v=1 


Hence, if by 71,...,7,- we denote arbitrary functions of x;,...,x;, we then have: 
r cr = 
Y xe lx srid = Yo xe Xe Os4- 
k=1 k=1 


Now, if there are r functions y,..., W, of x1,...,x, not all vanishing such that 
the equation: 
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y Wi (Se siciang Rg) MEP =) 
k=1 


is identically satisfied, then we have: 
Y ve lSestid = Vo Vee Ps4i = 0, 
k=1 k=1 


and consequently also: 


As a result, it is proved that amongst the equations: 
Xf =0, suaoaiy X,f =0, 


there are exactly as many independent equations as there are amongst the equa- 
tions (2), that is to say, exactly p independent ones. 

At present, we are at last in a position to settle the problem posed in the beginning 
of the paragraph, on p. 

The thing is the determination of certain subsidiary domains invariant by the 
group X,f,...,X;f in the invariant manifold M, namely the subsidiary domains to 
the points of which the infinitesimal transformations X,f,...,X;f attach exactly p 
independent directions. According to what precedes, these subsidiary domains can 
be defined as certain manifolds of the space x;,...,x;; as such, they are character- 
ized by the fact that they admit the group X,f,...,X;,f and that, to their points, 
are attached exactly p independent directions by the infinitesimal transformations 
Xf,...,X,f. Consequently, our problem amounts to the following: 

In a space M of s dimensions, let the group X,f,...,X;,f be given, whose in- 
finitesimal transformations attach, to the points of this space in general position, 
exactly p < s independent directions. To seek all invariant manifolds contained in 
M having the same constitution. 

But we already have solved this problem above (p. [237); only at that time we 
had the group X)f,...,X;f in place of the group Xf,...,X;, the number n in 
place of the number s, the number g in place of the number p. Thus, the wanted 
manifolds are represented by means of relations between the solutions of the p- 
term complete system that the equations X;f =0, ..., X,f =0 determine. If one 
adds these relations to the equations of M, then one obtains the equations of the 
invariant subsidiary domains of M in terms of the initial variables x1,...,Xp. 

Naturally, there are invariant subsidiary domains in M of the demanded sort only 
when s is larger than p, and there are none, when the numbers s and p are equal one 
to another. 

With this, we therefore have at first the following important result: 
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Theorem 41. Jf an s-times extended manifold of the space x,,...,Xn, admits the r- 
term group X\ f,...,X;f and if, to the points of this manifold, the infinitesimal trans- 
formations attach exactly p independent directions which then surely fall into the 
manifold-| then s is > p; in case s > p, the manifold decomposes in ~*~? p-times 
extended subsidiary domains, each of which admits the group X,f,...,Xrf. 


At the same time, the problem to which we were conducted at the end of the 
preceding paragraph (p. is also completely solved, and with this, the determi- 
nation of all systems of equations that the group X,/,...,X;f admits, is achieved. 
In view of applications, we put together yet once more the guidelines [MASSREGELN] 
required for that. 


Theorem 42. /f the r independent infinitesimal transformations: 


generate an r-term group and if at the same time, all (q+ 1) x (q¢+1) determinants 
of the matrix: 
Git Gin 


Er are Cm 


vanish identically, whereas not all q x q determinants do, then one finds as follows 
all systems of equations, or, what is the same, all manifolds that the group admits. 

One distributes the systems of equations or the manifolds in question in q + | dif- 
ferent classes by reckoning to be always in the same class the systems of equations 
by virtue of which all (p +1) x (p +1) determinants of the above matrix, but not 
all p x p ones, vanish, where it is understood that p is one of the numbers q, q—1, 
nivaeg 1 'Os 

Then in order to find all invariant systems of equations which belongs to a de- 
termined class, one forms all (p+ 1) x (p +1) determinants Aj, Ap, ..., Ap of the 
matrix and one sets them equal to zero. If there is no system of values x1,...,Xn 
which brings to zero all the p determinants A; at the same time, then actually, the 
class which is defined by the number p contains absolutely no invariant manifold; 
and the same evidently holds also for the classes with the numbers p—1, p—2,..., 
1, 0. On the other hand, if all systems of values x,...,Xn which make Aj,...,Ap 
equal to zero would at the same time bring to zero all p x p determinants of the 
matrix, then also in this case, the class with the number p would absolutely not be 
present as manifolds. If none of these two cases occurs, then the system of equa- 
tions: 


3 Act of “intrinsiqueness”: directions attached to M inside the ambient space happen to in fact be intrinsically attached 
toM. 


4 This just means systems of equations including the equations of (p +1) x (p + 1) minors. 
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represents the manifold M invariant by the group inside which all invariant mani- 
folds with the class number p are contained. If M decomposes in a discrete number 
of manifolds My, Mo, ..., then these manifolds remain individually invariant, but in 
each one of them, infinitely many invariant subsidiary domains can yet be contained 
which belong to the same class as M. In order to find these subsidiary domains, one 
sets the equations of, say M, in resolved form: 
Xp = Oy a(%1,..-,%y) (i=1--n—-5), 
where the entire number s is at least equal to p. Lastly, one forms the r equations: 


_ : 7] 
ALi= y Cap Mipsis Pots---sn) 5 =0, 
v=1 Xy 


and one computes any s — p independent solutions: 
1 (Higa a Xs) sbssy O—p(21; nies Xs) 


of the p-term complete system determined by these equations. The general analytic 
expression for the sought invariant subsidiary domains of M, is then: 


Kya = Deas tigsscsHm) = 6, Wj(@1,...,@s—p) =0 


(i=1---n—s; j=1---m), 


where the m < s — p relations Wj; = 0 are completely arbitrary. — 
Naturally, also Mo, .... must be treated in the same manner as M,. In addition, 
for p, one has to insert one after the other all the q+1 numbers q, q—1,..., 1, 0. 


65. 


In order to apply the preceding researches to an example, we consider the three-term 


group: 
Of of Of of 
xX, f=—4+x—> Xf =y—4+72—— 
if ay vee of ¥3y ae 
Of  .9f | of 
X3f = (- — — — 
af =(—zt+xy) 5° +y aay 
of the ordinary space. The group is transitive, because the determinant: 
0 I x 
A=| 0 yz|=—(z-ay)? 
—z+xy y* yz 


does not vanish identically. From this, we conclude that the surface of second de- 
gree: z— xy = 0 remains invariant by the group, and else that no further surface 
does. 
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For the points of the surface z— xy = 0, but also only for these points, all the 
2 x 2 subdeterminants of A even vanish, while its 1 x 1 subdeterminants cannot 
vanish simultaneously. From this, it follows that the invariant surface decomposes 
in co! invariant curves, but that apart from these, no other invariant curves exist, 
while there are actually no invariant points. 

I order to find the oo! curves on the surface z— xy = 0, we choose x and y as 
coordinates for the points of the surface and we form, according to the instructions 
given above, the reduced infinitesimal transformations in x, y: 


— ra) ne ra) = ra) 
a oa Raf =v, Rapa ee 


The three equations X;f = 0 reduce to a single one whose solutions is x. There- 
fore, the sought curves are represented by the equations: 


z—xy=0, *=const., 


that is to say, all individuals of a family of generatrices on the surface of second 
degree remain invariant. 
66. 


Here, we give one of the two new proofs promised on p. for the important 
Theorem 39. 

As before, we denote by A;(x),...,Ap(x) all the (p + 1) x (p+ 1) determinants 
of the matrix: 


E11 (x) : Cialt) 
(3) Cr ee ; 
Eri (x) - Ern(x) 


In addition, we assume that there are systems of values x;,...,x, which bring to 
zero all the p determinants A. Then it is to be proved that the system of equations: 


A, (x) =0, ae Ap (x) =0 
admits all transformations: 
xi =F (Agia tneigetegle) (i=1--n) 


of the r-term group X,f,...,X/-f. 
According to Chap.|6] p.[110] this only amounts to prove that the system of equa- 
tions: 
A, (x’) =G, wees Ap (x’) =(0 


is equivalent, after the substitution x; = f;(x, a), to the system of equations: 


Ai(x) =0, ..., Ap(x) =0; 
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here, it is completely indifferent whether or not the equations A; = 0, ..., Ap =0 
are mutually independent. 

In order to prove that our system of equations really possesses the property in 
question, we age as follows: 

In Chap. B] p. 45?) we have seen that by virtue of the equations x; = fi(x,a), a 
relation of the ae 


(4) Y exif = Yo ea Xef 
k=1 k=1 
holds, in which the e; are related to the ex by the r equations: 


; 
y Vxj(a ) Onn (a = Wjn(a 


If we insert the just written expression of the e; in (4) and if we compare the coeffi- 
cients of the two sides, we obtain r relations: 


x f= y x(a) Xf (k=1---r) 
j=l 


which clearly reduce to identities as soon as one expresses the x’ in terms of the x 
by means of the equations x; = f;(x,a). 

By inserting the function x; in place of f in the equations just found, we obtain 
the equations: 


j=l 
=¥ ola) Y yo) AE 
j=l v=1 


which express directly the &;;(x’) as functions of the x and a. Thanks to this, we are 
in a position to study the behaviour of the equations A(x’) = 0 after the substitution 


A= (eo). 


The determinants Aj (x’),...,Ap(x) are made up from the matrix: 


Se) : * Sins ) 
Gri ay: eas ‘ 


in the same way as the determinants A;(x),...,Ap)(x) are made up from the ma- 
trix (3). Now, if we imagine that the values found a while ago: 


> The matrix denoted P(a) is denoted here w(a) 
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r 


Sra (x’ => OjK Xj ix) 


are inserted in the matrix just written and then that the determinants A(x’) are com- 
puted, we realize at first what follows: the determinants Ag(x’) have the form: 


p 
= ys Nor(a) Dz (o=1--p), 
t=1 
where the Yor are certain determinants formed with the @;,(a), while D,,...,Dp 


denote all the (p + 1) x (p +1) determinants of the matrix: 


Xx; mG XX, 


/ / 
XX} es XrXy 


Lastly, if the replace each X;,x/ by its value: 


we obtain for the determinants D, expressions of the form: 


p 
De= » Wry (x, 4) Ay (x), 
u=1 
where the W;,, are certain determinants formed with the are 
With this, it is proved that, after the substitution x; = f;(x,a), the Ag(x’) take the 
form: 


=a Xora) We (x, 4) Au (x) (o=1---p). 


Now, since the functions ¥o7(a), Wru(x,a) behave regularly for all systems 
of values x,a coming into consideration, it is clear that the system of equations 
Ag(x’) = 0 is equivalent, after the substitution x; = fj(x,a), to the system of equa- 
tions Ag(x) =0, hence that the latter system of equations admits all transformations 
x1 = f;(x,a). But this is what was to be proved. 


67. 


The Theorem 39 is so important that it appears not to be superfluous to produce yet 
a third proof of it. 

According to the Proposition 3 of the Chap. [7] (p. [125), the system of equations 
A, = 0, ..., Ap = 0 certainly admits all transformations of the r-term group 
X,f,...,X;f when there exist relations of the form: 
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p 
X; Aco = yy Wor(X1,---,Xn) Ac (k=1--r; O=1---p) 


t=1 


and when in addition the functions Wg; behave regularly for the systems of values 
which satisfy the equations A; = 0, ..., Ap = 0. Now, it is in our case not more 
difficult to prove that the system of equations Ag = 0 satisfies this property. But in 
order not to be too much extensive, we want to execute this proof only in a special 
case. In such a way, one will see well how to treat the most general case. 

We will firstly assume that our group is simply transitive. So it contains n inde- 
pendent infinitesimal transformations and in addition, the determinant: 


S11 (x) - * Sin( ) 


A= : : 
anes, . ae: ) 


does not vanish identically. 
Furthermore, we will restrict ourselves to establish that there are n relations of 
the form: 
X;A= O( R15 225%) A (i=1---n), 


so that the equation A = 0 admits all transformations of the group. By contrast, we 
will not consider the invariant systems of equations which are obtained by equating 
to zero all subdeterminants of the determinant A. 

If we express the (n — 1) x (n— 1) subdeterminants of A as partial differential 
quotients of A with respect to the €,y, it comes for X;A the expression: 


l--n 


XA = > New ge ie 


Now, Xi f,...,Xnf generate an n-term group, so there are relations of the form: 
[Xi, Xp] = y Cius Xf, 
or else, if written with more details: 
n 
Xj Euv =Xy Eiv = y Cius Esv- 


Consequently, for X; Euvs it results the following expression: 


Xi Suv = (Sa 5 ee * + cine. 


s=1 


If, in this expression, we insert the equation above for X;A, then it comes: 
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mene 0€; aa 
Xj;A = *; (Si Ft cinebe 


H,V,s Suv 


Here according to a known proposition about determinants, the coefficients of 
O€iv/Oxs and of cis can be expressed in terms of A. Namely, one has: 


Ss = &; A, 
= Eu %r Vv 


Ey La ae 
X beg, = 8 


where the quantities €zp vanish as soon as 7 and p are different from each other, 
while €;, always has the value 1. Using these formulas, we obtain: 


Len dE 
X;A = af y Ey = Dx as y Ee cigs 
V,8 


and from this, it follows lastly that: 


(5) X;A=A y Ae + in (i=1--n). 


Since, as always, only systems of values x1,...,%, for which all &;(x) behave 
regularly are took into consideration, then clearly, the factor of A in the right-hand 
side behaves regularly for the considered systems of values x1, ...,Xn,. Hence, if the 
equation A = 0 can be satisfied by such systems of values x1,...,x,, then according 
to the Proposition 3, p.[125] it admits all transformations of the group X, f,..., Xf. 


68. 


As was already underlined on p. the developments of the present chapter have 
great similarities with those of the Chap. [7] p.[132]sq. Therefore, it is important to 
be conscious of the differences between the two theories. 

We have already mentioned the first difference on page It consists in what 
follows: 

When the r independent infinitesimal transformations X,f,...,X,,f generate an 
r-term group, then each one of systems of equations A; = 0, ..., Ap = 0 obtained 
by forming determinants and mentioned more than enough admits all infinitesimal 
transformations X, f,...,X;,f. By contrast, when the r infinitesimal transformations 
are only subjected to the restriction that the independent equations amongst the 
equations X;f = 0, ..., X;f = 0 form a complete system, then in general, none 
of the systems of equations A; = 0, ..., Ap = 0 needs to admit the infinitesimal 
transformations X1f,...,X,-f. 
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Amongst certain conditions, one can in fact also be sure from the beginning, in the second one 
of the two cases just mentioned, that a system of equations A; = 0, ..., Ap = 0 obtained by forming 
determinants admits the infinitesimal transformations X1f,...,X/-f. 

Let the r independent infinitesimal transformations X,/,...,X, be constituted in such a way that 
the independent equations amongst the r equations X; f = 0, ..., Xf = 0 form a complete system, 
so that there are relations of the form: 


[X;, X;] = Vik1 (x1,. + Xn) Xf + alia + Yier(X1,--- Xn) Xf 
(i,k=1---r) 


(6) 


Let the (p + 1) x (p +1) determinants of the matrix: 


E1(x) + > Sin(x) 


(7) 

Eri(x) > > Gmn(x) 
be denoted by Aj,...,Ap. If there are systems of values x1,...,%» for which all determinants 
Aj,...,Ap vanish and if all functions Yxj(x1,...,%n) behave regularly for these systems of values, 
then it can be shown that the system of equations A; = 0, ..., Ap = 0 admits the infinitesimal 


transformations X1f,...,X;f. 
In what follows, this proposition plays no rdle; it will therefore suffice that we prove it only in a 
special simple case; the proof for the general proposition can be executed in an entirely similar way. 
We want to assume that r = n and that the n equations X;f = 0, ..., X,f = 0 are mutually 
independent; in addition, let p = n— 1. The mentioned matrix then reduces to the not identically 
vanishing determinant: 
A= y +&1 - -Enn, 


and it contains only a single (p+1) x (p+ 1) determinant, namely itself. We will show that the equa- 
tion A = 0 then certainly admits the infinitesimal transformations X,/,...,X, when the functions 
Yikj n the equations: 


[Xi, Xx] = y Viki XjF (i, k=1-+-n) 
j=l 


behave regularly for the systems of values x1,...,xX, which bring A to zero. 

According to Chap.[7} Proposition 3, p. we need only to show that each X;A can be repre- 
sented under the form @,;(x1,...,x,)A and that the @ behave regularly for the systems of values of 
A = 0. This proof succeeds in the same way as in the preceding paragraph. We simply compute the 
expressions X;,A and we find in the same way as before: 


n 0 
X,A=A y { Sty + Movs.) 


v=1 v 


(k=1-+n). 


The computation necessary for that is exactly the previous one, although the constants cj,; are 
replaced by the functions ¥,;(x); but still, that there occurs no difference has its reason in the fact 
that in the preceding paragraphs, it was made no use of the constancy property of the cjx;. 

Clearly, the factors of A in the right-hand side of the above equations behave regularly for the 
systems of values of A = 0, hence we see that the equation A = 0 really admits the infinitesimal 
transformations X,f,...,Xn/f. 
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A second important difference between the case of an r-term group X,f,...,X/f 
and the more general case of the Chap.[7]comes out as soon as one already knows a 
manifold M which admits all infinitesimal transformations Xf... ,X;-f. 

We want to assume that X,f,...,X;f attach exactly p independent directions to 
the points of M and especially, that X|f,...,X,f determine p independent direc- 
tions. Under these assumptions, for the points of M, there are relations of the form: 


Xptkf = Per (X1, «5 Xn) Xf +++ + Dep (21, «++ Xn) Xpf 
(k=1--r-p), 


where the @; behave regularly; on the other hand, there is no relation of the form: 


Li(m1,--+,%n) Mi f +--+ +Ap(m1,---, Xn) Xpf = 0. 


Now, if Xi f,...,X;f generate an r-term group, then for the points of M, all 
[X;, X;] can be represented under the form: 


P 
[X;, Xz] = y Wj (41, +++, %n) Xf (i,k=1--r), 
j=1 


and here, the Wx; behave regularly. By contrast, if Xi f,...,X;f only possess the 
property that the independent equations amongst the equations X; f =0,..., X;f=0 
form a complete system, then such a representation of the [X;, X;] for the points of 
M is not possible in all cases; but it is always possible when the functions 7,; in the 
equations (6) behave regularly for the systems of values x;,...,x, on M. We have 
already succeeded to make use of this condition in Chap. [7] p.(141sq. 


Chapter 15 
Invariant Families of Infinitesimal Transformations 


One studies in this chapter the general linear combination: 
Ci ia a 


of g => | given arbitrary local infinitesimal transformations: 
X= y Exi(X) ee (k=1--q) 
=i OX; 


having analytic coefficients &;;(x) and which are assumed to be independent 
of each other. When one introduces new variables e (eae ene place 
of the x;, every transformation X; of this general combination receives another 
form, but it may sometimes happen under certain circumstances that the com- 
plete family in its wholeness remains unchanged, namely that there are functions 
€, — € (ei, eq) suchithat; 


p.(e1 X1 +++++e_Xq) CG (e)X] +---+e/(e) X;, 


where, as in previous circumstances, the X/ = Y""_, E;;(2" 2, denote the same 
p ill Ox; 


vector fields, but viewed in the target space x/,...,., 


AS fhe 


Definition 15.1. The family e; X; + --- + e,X, of infinitesimal transformations 
is said to remain invariant after the introduction of the new variables x’ = @(x) 


if there are functions e;, = e/,(e1,...,€,) depending on @ such that: 
(1) Qx(e1 Xi +--+ +eqXq) =e} (e)Xj +--+ +5 (e)X;; 


alternatively, one says that the family admits the transformation which is repre- 
sented by the concerned change of variables. 


Proposition 2. Then the functions e,.(e) in question necessarily are linear: 


253 
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q 
/ 
C= yy PRjej (K=1---q), 
jal 
with the constant matrix (px;) oe being invertible: e, = i Pri e' 


Proof. Indeed, through the change of coordinates x’ = @(x), if we write that the 
vector fields X; are transferred to: 


nae 
= Xie) ax! =) Nal ce ”) ag (k=1---q), 


with their coefficients 1x; = N(x’) being expressed in terms of the target coordi- 
nates, and if we substitute the resulting expression into (1), we get the following 
linear relations: 


q 
(1’) Dy ule -¥ ek Nei (X (i=1--n). 


k=1 


The idea is to substitute here for x’ exactly the same number gq of different sys- 
tems of fixed values: 


I 1) (2 2 

xD aa, xl 
that are mutually in general position and considered will be considered as con- 
stant. In fact, according to the proposition on p. or equivalently, according to 
the assertion formulated just below the long matrix located on p. [76] the linear 
independence of X1,...,X, insures that for most such g points, the long q x qn 
matrix in question: 

(2) (9) (9) 
ate ie Si ae on Sa rae cri an ein 


2 
a eye ae ke ena ey ... €) 


has rank equal to g, where we have set EM”). = Sale v)) Consequently, while 


considering the values of &;; G2) and of Mea (x (y ")) as constant, the linear system 
above is solvable with respect to the unknowns e’, and we obtain: 


q 
/ 
Ce = YS PRjej (k=1---q), 
j=l 


for some constants p;;. In addition, we claim that the determinant of the matrix 


ij 
(Pr)ic oy i is in fact nonzero. Indeed, the linear independence of X1,...,Xq be- 
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ing obviously equivalent to the linear independence of @,(X1),..., Px(Xq), the 
other corresponding long matrix: 
(1) (1) ,,(2) 
ie 


1 1 2 2 
nf) oe gd 2... 1 


then also has rank equal to g and we therefore can also solve symmetrically: 


q 
ox / 
Ge » PRI ej (k=1--q), 
j=l 


with coefficients p;; which necessarily coincide with the elements of the inverse 
matrix. 


Families Invariant by One-Term Subgroups 


For an important application to the study of the adjoint group in Chap. L, we now 
want to study families e; X; +---+e,Xg that are invariant when the transition 
from x to a new variable x’ is performed by an arbitrary transformation of some 
one-term group x’ = exp(tY)(x), where Y is any (local, analytic) vector field. 


As usual, we understand by: 
le Of 
——s 1 —_—__ — wae 
Xf L Gk aa: (k=1--q) 


independent infinitesimal transformations; temporarily, this shall be the only as- 
sumption which we make about the X;f. 
We consider the family of o0%~! infinitesimal transformations which is repre- 
sented by the expression: 
eyXift---+egXgf 


with the q arbitrary parameters ¢),...,@,. When we introduce, in this expression, 
new independent variables x’ in place of the x, then each infinitesimal transfor- 
mations in our family takes another form; evidently, we then obtain in general a 
completely new family of oo%—! infinitesimal transformations. However, in certain 
circumstances, it can happen that the new family does not essentially differ in its 
form from the original family, when for arbitrary values of the e, there is a relation 
of the shape: 
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en OF 
(1) » Ge), Sa Aijccni ta) =k ¥ bats Xn) 57 
fat a 


Xj 


in which the e; do not depend upon the x, but only] upon é1,...,q- 
If there is such a relation, which we can also write shortly as: 


q q 
(2) Y ec Xf = Vex, 
k=1 k=1 


then we say: the family of the infinitesimal transformations Y° e; X;' remains invari- 
ant after the introduction of the new variables x’, or: it admits the transformation 
which is represented by the concerned change of variables. 


69. 


Let the family of the ?~! infinitesimal transformations Ye, X;f remain invariant 
through the transition to the variables x’, so that there is a relation of the form: 


q q 
(2) Yi eeXif = Vo XXiS, 
k=1 k=] 


in which the e’ are certain functions of only the e. To begin with, we study this rela- 

tionship of dependence between the e and the e’; in this way, we reach the starting 

point for the more precise study of such families of infinitesimal transformations. 
The expressions X;f can be written as: 


n a 
Xf = dL Xen - 


or, when one expresses the Xx, in terms of the x’, as: 


Xf = Yo Nase, 5h 
i=l 


If we insert these values in the equation (2), we can equate the coefficients of the 
Of /x, in the two sides, and so we obtain the following linear relations between the 
e and the e’: 


q 
(2’) > 4oee -¥ ex Mi (X (i= 1-1) 
k=1 


According to our assumption, it is possible to enter for the e’ functions of the e 
alone so that the equations (2’) are satisfied for all values of the x’. It can be shown 
that the concerned functions of the e are completely determined. 


! In fact, as will be see in a while, the dependence can then only be linear. 
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Since the equations (2’) are supposed to hold true for all values of the x’, then 
they must also be satisfied yet when we replace x/,,...,x/, by any other system of 


variables. We want to do this, and to write down the equations (2’) in exactly g 


! ” (q) (q) 


different systems Of variables 2 jing % 99) pong he hs, gevegn 2 


Mey: 


q q 
oy e E(x) = > ex Mi(x'”?) (i=1---n) 
k=1 k=1 
(v=1--q). 
The so obtained equations are solvable with respect to e},...,¢,, because under 
the assumptions made, according to the developments of the Chap. [4] p. [76] not all 
q X q determinants of the matrix: 


ee ooh wake 
acess ies 


vanish. 
In addition, since the said equations are certainly compatible with each other, 
we obtain the e’ represented as linear homogeneous functions of the e: 


Here naturally, the p,; are independent of the x’, x", ..., x and hence are abso- 
lute constants; the determinant of the px j is different from zero, because visibly the 
e; can, in exactly the same way, be represented as linear homogeneous functions of 
the e’. 

Although, under the assumptions made, the family of the infinitesimal transfor- 
mations ) e, X;,f remains invariant after the introduction of the x’, in general, its 
individual transformations are permuted. However, there always exists at least one 
infinitesimal transformation )° e} X;f which remains itself invariant, since the con- 
dition which the coefficients eD of such an infinitesimal transformation: 


q q 
y &OxXf=o y exe 
k=1 k=1 


must satisfy can be replaced by the g equations: 


q 
0 _ 0 
Oe, = », PK je; (k=1--q) 
j=l 
2 __and since, furthermore, the Lemma on p.[76]insures that, with a suitable choice of generic fixed points x/,...,,, 


x aah x4 )...,a, the rank of the considered matrix of &’s is maximal equal to g— 
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and these last equations can always be satisfied without all the e? , being Zero. 
For closer illustration of what has been said, an example is more suitable. 
In the family of the o* transformations: 


of of 2 Of of Of 1 Of 
aa oie vex | ey a +e4 A aa VO ae) 


we introduce new variables by setting: 
/ / 
Xy = 4, X1 + a7Xx2, Xy = A3X1 +a4X2. 


At the same time, the family receives the new form: 


, Of Of 2 of Of Of. 2 OF 
x! 1 rf bolt / 
e| +e +e} +X1xX al | 4% +x 
"ax, ? ai, 3 Ox we oe, 4 Ve ae 7 On, 
where e},,...,e4 express as follows: 
! ! 1 a4 €3 — A3 C4 1p 4 €4 — 2 €3 
ej =aje)+a2e2, 2 =a3e;+a4e2, e3 = ————_,,__ eg = —_.. 
a1 a4 — a2a3 a1 a4 — azaz3 


Consequently, the family remains invariant in the above sense. If one would want 
to know which individual infinitesimal transformations of the family remain invari- 
ant, one would only have to determine @ from the equation: 


aj—-@ a aja—1 a2 i(j 
a3, a4—@ a3 ag@—1 : 
and to choose e;,...,¢@4 so that a= @ e,; the concerned systems of values of the e, 


provide the Hieatiae infinitesimal transformations. 

At present, by coming back to the general case, we want yet to specialize in a 
certain direction the assumptions made above. Namely, we want to suppose that the 
transition from the x to the x’ is a completely arbitrary transformation of a deter- 
mined group. Correspondingly, we state from now on the following question: 

Under which conditions does the family Y. e; Xf remain invariant through every 
transformation x, = fi(x1,...,Xn,t) of the one-term group Y f, that is to say, under 
which conditions does a relation: 


q q 
Yi ec Xef = Vo exis, 
k=l k=l 


hold for all systems of values e,,...@g,t, in which the e}, aside from upon the ej, yet 
only depend upon t ? 


When, in order to introduce new variables in X;f, we apply the general transfor- 
mation: 
xi=xj+tYxj+-- (i=1---n) 
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of the one-term group Y f, we obtain according to Chap. [4] p. 
Xf =Xif +t (Xf —Y’X{P) Hes 

hence also inversely: 

(3) Xf =X AY, XI +e, 


which is more convenient for what follows. 

Now, if every infinitesimal transformation X;f +1t|Y, X;|-+--- should belong to 
the family e,X; f+ ---+e,X,f, and in fact so for every value of rt, then obviously 
every infinitesimal transformation [Y, X;,] would also be contained in this family. 
As a result, certain necessary conditions for the invariance of our family would be 
found, some conditions which amount to the fact that g relations of the form: 


q 
(4) Y, Xd =) sejXif (k=1--q) 
j=l 


should hold, in which the g; j denote absolute constants. 
If the family of the infinitesimal transformations: 


ey Af Fe egagl 


is constituted so that for every k, a relation of the form (4) holds true, then we want 
to say that the family admits the infinitesimal transformation Y f. By this settlement 
of terminology, we can state as follows the result just obtained: 


If the family of the infinitesimal transformations: 
ayAif -+egXqf 


admits all transformations of the one-term group Y f, then it also admits the in- 
finitesimal transformation Y f. 


But the converse too holds true, as we will now show. 

We want to suppose that the family of the transformations )° e, X;f admits the 
infinitesimal transformation Y f, hence that relations of the form (4) hold true. If 
now the family )° e; X;f is supposed to simultaneously admit all finite transforma- 
tions of the one-term group Y f, then it must be possible to determine et, es ey as 
functions of e;,...,@, in such a way that the equation: 


q q 
»y e.Xif = > eX f 
k=1 k=l 
is identically satisfied, as soon as one introduces the variable x in place of x’ in the 
X,f. Consequently, if X;f takes the form: 
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= 7] 
/ _ . — 
cap > CH X19s+25Xait) Ox; 


after the introduction of the x, then one must be able to determine the e/, so that the 
expression: 


y eXpf = y Ye ex Cri X15. sig Kray t) of 


k=1 i=1 
is free of t, hence so that the differential quotient: 


df d 
5 LAKH EE SES Yeast 


k=1 


vanishe?3} but at the same time, the e must still also satisfy the initial condition: 
e, = ex fort =0. 

In order to be able to show that under the assumptions made there really are 
functions e’ of the required constitution, we must at first calculate the differential 
quotient: 


Dey COO th OF 
ap 7 aa 


for this, we shall take an indirect route. 
Above, we saw that X/f can be expressed in the following way in terms of 
X1,...,Xp and t: 
Xf =Xef +1¥, Xi] t---, 


when the independent variables x’ entering the X; are determined by the equations 
x, = fi(X1,..-,Xn,t) of the one-term group Y f. So the desired differential quotient 
can be obtained by differentiation of the infinite power series in f lying in the right- 
hand side, or differently enunciated: it is the coefficient of t! in the expansion of 
the expression: 


a) 
ef EOE DK +o = De Bull kl) Sp =X 


with respect to powers of t. Here, the x’ mean the quantities: 
I 
Me SF Rivers, Angl PT): 


However, the expansion coefficient [ENTWICKELUNGSCOEFFICIENT] discussed just 
above appears at first as an infinite series of powers of t; nevertheless, there is no 
difficulty to find a finite closed expression for it. 

As we know, the transition from the variables x to the variables x; = fj(x1,...,n,t) 
occurs through a transformation of the one-term group Y f, and to be precise, 


3 Indeed, differentiation with respect to t of e; Xj +---+e,X, yields: 0= 2 yi ex XK. 
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through a transformation with the parameter t. One comes from the x to the 
x! = fi(x1,...,Xn,t +7) through a transformation of the same group, namely 
through the transformation with the parameter f+ Tt. But this transformation can 
be substituted for the succession of two transformations, of which the first one 
possesses the parameter f, and the second one the parameter T; consequently, the 
transition from the x’ to the x” is likewise got through a transformation of the 
one-term group Y f, namely through the transformation whose parameter is T: 


= (x, eae 


From this, we conclude that the series expansion of X;’f with respect to powers 
of T reads: 
Xf =Xif+7¥', Xt. 


As aresult, we have then found a finite closed expression for the pe aap coeffi- 


cient mentioned a short while ago; the sought differential quotient sas i dj is hence: 
0 / / / ly! Iyl 
(5) 9, def =P Xi =1 A) Ae ds 


Naturally, this formula holds generally, whatever also one can choose as the 
two infinitesimal transformations X;,f and Y f. However, in our specific case, 
Xf,...,Xqgf,¥f are not absolutely arbitrary, but they are linked together through 
the relations (4). So under the assumptions made above, we receive: 


O(Xif) 


q 
(6) =P swf (k=1--q). 
v=l 


Now, if we form the differential quotient of Ye, X/f with respect to t, we obtain: 
a4 1, i de. vy an / 
oF d eX, f = d aoe d er 2 SivXyf 
4, de, 
— d is ts Yael |X 
k=1 v=1 


Obviously, this expression vanishes only when the e’, satisfy the differential equa- 
tions: 


de; 
(7) rr + y ene, =0 (k=1+-q). 
v=1 


But from this the e/, can be determined as functions of f in such a way that for ¢ = 0, 
each e; converts into the corresponding e;; in addition, the e’ are linear homoge- 
neous functions of the e. 
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If one puts the values of the e’ in question in the expression ) e, X;f and returns 
afterwards from the x’ to the initial variables x1, ...,x,, then ) ¢;, X; will be indepen- 
dent of f, that is to say, it will be equal to Y e, X;f. Consequently, the family of the 
infinitesimal transformations )° e, X;f effectively remains invariant by the change 
of variables in question. 

As a result, we can state the following theorem: 


Theorem 43. A family of 1~! infinitesimal transformations e, Xf +--+ egXaf 
remains invariant, through the introduction of new variables x’ which are defined 
by the equations of a one-term group: 


xi =xj+tYxj+--- (i=1--n), 


if and only if, between Y f and the X;f there are q relations of the form: 


(4) Y.2|= > sivXvf (k=1--4), 


in which the gyy denote constants. If these conditions are satisfied, then by the con- 
cerned change of variables, Ye, X;f receives the form Y. BGT where e',. 7 
determine themselves through the differential equations: 


by taking account of the initial conditions: e', = ex for t = ti 


If one performs the integration of which the preceding theorem speaks, hence 
determines e’,,...,¢}. from the differential equations: 


i ay BvKey (k=1---q) 


taking as a basis the initial conditions: e,, = e; for t = 0, then one obtains equations 
of the form: 


q 
ey = y dj(t) ej (k=1---q). 
j=l 


It is clear that these equations represent the finite transformations of a certain one- 
term group, namely the one which is generated by the infinitesimal transformation: 


>. { y eveev} oe 


k=1 ~v=l 


(cf. Chap. [4). 


+ LIE, Archiv for Mathematik og Naturvidenskab Vol. 3, Christiania 1878. 
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From the theorem just stated, we want to derive an important proposition which 
is certainly closely suggested. 

If the family of oof —! infinitesimal transformations e; X| f +++: +e gXq admits the 
two infinitesimal transformations y; f and Y>/, then it also admits at the same time 
each transformation c, Y; f +c2Y2f which is linearly deduced from Y; f and Y2f; 
this follows immediately from the fact that the infinitesimal transformation: 


[erYif te2Yof, Xef] =c1 (M1, Xe] + e2 (Yo, Xi] 


can, in our case, be linearly expressed in terms of the X;f. But our family e; X; f+ 
----+e,Xj,f also admits the infinitesimal transformation [Y;, Y2]. Indeed, one forms 
the Jacobi identity: 


M1, Yo], Xe] + [[o, Xd, M1] + [Xe Yi], H] =, 


and one takes into account that [Y;, X;| and [Y2, X;] can be linearly expressed in 
terms of the X;f, so one realizes that this is also the case for [[Y 1, Yal, X;| . 
By combining these two observations, one obtains the announced 


Proposition 1. /f the most general infinitesimal transformation which leaves invari- 
ant a family of 1! infinitesimal transformations: 


ey Arf er eghgt 


can be linearly deduced from a bounded number of infinitesimal transformations, 
say from Y, f,...,Ymf, then the ¥,f generate an m-term group. 


This proposition can yet be generalized; indeed, it is evident that that the totality 
of all finite transformations which leave invariant the family ¥° e, X;f always forms 
a group. 


70. 


Let the conditions of the latter theorem be satisfied, namely let the family of the 
oof! infinitesimal transformations Ye, X, f be invariant by all transformations of 
the one-term group Y,. 

Now, according to Chap. [4] p. the following holds true: if, after the introduc- 
tion of new variables, the infinitesimal transformation X f is transferred to Zf, then 
at the same time, the transformations of the one-term group X f are transferred to the 
transformations of the one-term group Zf. So we deduce that under the assumptions 
of the Theorem 43, not only the family of the oo%~! infinitesimal transformations 
e,X,f+---+e,X,f remains invariant, but also the family of the oof! one-term 
groups generated by these infinitesimal transformations, and naturally also, the to- 
tality of the co? finite transformations which belong to these one-term groups. 

But we yet want to go a step further: we want to study how the analytic expression 
of the individual finite transformations of the one-term groups e,X) f +---+e,Xqf 
behave, when the new variables: 
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/ 
x, =a ttYxjt+--- 


are introduced in place of the x. 

The answer to this question is given by the Proposition 3 in Chap.|4] p.[69] Indeed, 
from this proposition, it easily results that, after the introduction of the new variables 
x’, every finite transformation: 


(8) nant Paki YS x a XeX pat 


= 


receives the shape: 
Leg 
(9) Haat Dette yo XiXixi te 
k 
where the connection between the e; and the e/, is prescribed through the relation: 


q q 
(10) De eeXih + Ly eeXef- 
k=1 k=1 

Consequently, we see directly that the concerned family of oof finite transformations 
in the new variables x’ possesses exactly the same form as in the initial variables x. 
But in addition, we remark that a finite transformation which has the parameters 
€1,...,€, in the x possesses, after the introduction of the new variables x’, the pa- 
rameters ¢1,...,€). 

Now, as said just now, the connection between the e and the e’ through the iden- 
tity (10) is completely prescribed; hence this identity is absolutely sufficient when 
the question is to determine the new form which an arbitrary finite transforma- 
tion (8) takes after the transition to the x’. 

In order to be as distinct as possible, we bring this circumstance to expression 
when we interpret ). e; X,f virtually as the symbol of the finite transformation: 


q 
! 
4=ut+y ee XpxXit--: (i=1--n), 
k=1 


where the absoluté| values of the e, then come into consideration, not only their 
ratio. Then we can simply say: 

After the introduction of the new variables x’, the finite transformation Ye, X;.f 
is transferred to the finite transformation Y, eX i fs 


In the next studies of this chapter, the symbol )° e,X;,f will be employed some- 
times as the symbol of a finite transformation, sometimes as the symbol of an in- 


4 _—namely the values themselves, but not the ‘absolute values’ |e;| in the modern sense — 
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finitesimal transformation. Hence in each individual case, we shall underline which 
one of the two interpretations of the symbol is meant. 


71. 


Let the family of the oo7 transformations e; X; f + --- +e ,X,f remain invariant by 
all transformations of the one-term group Y f. It can happen that Y/f itself is an 
infinitesimal transformation of the family )° e;, X;,f; indeed, the case where Y f is one 
arbitrary of the oo%—! infinitesimal transformations Y e,X;f is of special interest. 
This will occur if, but also, only if between the X;.f, there are relations of the form: 


[X;, X;] = y Siks Xf. 


Hence from the theorem of the preceding paragraph, we obtain the following more 
special theorem in which we permit ourselves to write r instead g and cjxs instead 


of Siks- 


Theorem 44. For a family of ©’ finite transformations: 
eyXyft---+e-X-f or: Xj = Bil(x1,..-,Xn, e1,---5 er) 


to remain invariant by every transformation which belongs to it—so that, after the 
introduction of the new variables: 


6 = GB Kijpdess Rae Misanielie), ie (Ae nen ee | eee | 


in place of the x and the X, it takes the form: 


Xe = Vil Xp oss Xys Licseculy) 


where the | only depend upon e,,...,e,andh,,...,h-;—it is necessary and sufficient 
that the X f stand pairwise in the relationships: 


be X;] = y Ciks Xf, 


where the cis are absolute constants. 


This theorem states an important property that the family of the -” finite trans- 
formations Ye, X;f possesses as soon as relations of the form [X;, X;] exist. It is 
noteworthy that, for the proof of this theorem, we have used the studies of the pre- 
ceding chapter only for the smallest part; moreover, we have used no more than a 
few developments of the Chaps. [4]and|8] Namely, one should observe that we 
have made no use of the Theorem 24, Chap. [9] p. 

If one assumes that the latter theorem is known, then one can shorten the proof 
of the Theorem 44 as follows: one shows at first, as above, that the relations 
[Xi, Xx] = ¥ cizsXsf are necessary; then from Theorem 24, p. it comes that 
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the oo”! infinitesimal transformations Y e,X;f generate an r-term group. If 
x, = Bi(x1,...,Xn, 41,...,h,) are the finite equations of this group, then according 
to Theorem 5, p.|43] there is an identity of the form: 


r r 
Yi eX f = Yo &Xifs 
k=l k=l 


with this, the proof of the Theorem 44 is produced. 

One does not even need to refer to Theorem 5 p.|43} but one can conclude in the 
following way: 

The equations x; = 8;(x,/) of our group, when resolved, give a transformation 
of the shape: 

xi = Bi (x1, . fie Mi) <c a ,Ar(h)), 

that is to say, the transformation which is inverse to the transformation with the 
parameters h,,...,h,-. Now, if one imagines that these values of the x; are inserted 
in the equations X; = §B;(x, e) and if one takes into consideration that one has to deal 
with a group, then one realizes that there exist certain equations of the form: 


Mp p24 jon Mh, Wilh,e),--.,W,(h,e)). 


Lastly, if one inserts these expressions for the X; in the equations X, = B;(X,/), 
then one obtains: 
=/ ji / 
Xi = (0 5 ++ yXp> ae . vaigle)s 


This is the new form that the transformations X; = 5B; (x, e) take after the introduction 
of the new variables x’. Here evidently, the / are functions of only the e and the h, 
exactly as it is claimed by the Theorem 44, p. 

As aresult, the connection which exists between the Theorem 24, p.[169]and the 
Theorem 44 of the present chapter is clarified. 


te: 


In order to be able to state the gained results more briefly, or, if one wants, more 
clearly, we will, as earlier on, translate the symbolism of the theory of substitutions 
to the theory of transformation groups. 

We shall denote all finite transformations e; Xf +---+e-X,;f by the common 
symbol 7, and the individual transformations by marking an appended index, so 
that for instance the symbol 7;,) denotes the finite transformation: 


aX ft+---+a,X;f. 


Using this way of expressing, we can at first state the Theorem 24, p. as 
follows: 


Proposition 2. /f r independent infinitesimal transformations X\f,...,X;,f stand 
pairwise in relationships of the form: 
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‘ 
Xi, Xe] = Vo cusXsf, 
s=1 


then the family of all finite transformations Y/ e,X,f, or T(), contains, simultane- 
ously with the two transformations T,) and Tip), also the transformation T(q) T(p); 
hence there is a symbolic equation of the form: 


Tia) To) = Te); 
in which the parameters c are functions of the a and of the b. 


Correspondingly, from the Theorem 44 of the present chapter, we obtain the fol- 
lowing proposition, which, however, does not exhaust the complete content of the 
theorem: 


Proposition 3. [f r independent infinitesimal transformations X\f,...,X;f stand 
pairwise in the relationships |X;, X,], then the family of the " finite transformations 
LexXxf, or Tie), contains, simultaneously with the transformations T(q) and T,p), 


also the transformation Ta T(p) Tia), whence there exists an equation of the form: 


in which the parameters c' are functions of the a and of the b. 


Obviously, the existence of the symbolic relation: Ta) Tb) Tia) = Tic) 18 a con- 
sequence of the former relation: Tq) 7(,) = T(-), hence the latter proposition is also 
a consequence of the preceding one, as we already have seen in the previous para- 
graphs. 

Finally, by combining the two Theorems 44 and 24, p. we yet obtain the 
following the following curious result. 


Theorem 45. /f a family of ©" finite transformations: a, X,f +--:+a;X;f, or 
shortly T(q), possesses the property that the transformation To T(p) Tia) always 


belongs to the family, whatever values the parameters a,,...,Q;, b1,...,b- can 
have, then the family of " transformations in question forms an r-term group, that 
is to say: T,q) Tip) is always a transformation which also belongs to the family. 


73. 
If the transformation Ta T(p) Tia) coincides with the transformation 7(,), a fact that 


we express by means of the symbolic equation: 


Ta) Mo) Tia) = Te); 


then we say: the transformation T,,) remains invariant by the transformation T(,). 
But in this case, we also have: 
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that is to say, the transformation 7(,) remains invariant by the transformation 7(p); 
on the other hand: 

Ta) Mo) = To) Ma) 
is an equation which expresses that the two transformations 7(,) and T(,) are inter- 
changeable one with another. 

We already remarked in Theorem 6, p.[63]that the transformations of an arbitrary 
one-term group are interchangeable by pairs. At present, we can also settle the more 
general question of when the transformations of two different one-term groups X f 
and Y f are interchangeable one with another. 

In the general finite transformation eX f of the one-term group X f, we introduce 
the new variables x, which are defined by the finite equations x} = xj+tYxj;+--- of 
the one-term group Y f. The transformations of our two one-term groups will then 
be interchangeable if and only if every transformation of the form eX f remains 
invariant after the introduction of the x’, whence eX f is equal to eX’ f. 

According to the Theorem 43, p.[262] for the existence of an equation of the form: 


exf=e Xf, 


itis necessary and sufficient that the infinitesimal transformations X f and Y f satisfy 
a relation: 
[¥,X] =eXf; 


at the same time, the e’ determines itself through the differential equation: 


de’ j 
—+ge =0. 
dc °° 

But in our case, e’ is supposed, for every value of t, to be equal to e, hence e’ 
depends absolutely not on f, that is to say, the differential quotient de’ /dt vanishes, 
and with it, the quantity g too. At the same time, this condition is evidently necessary 
and sufficient. Consequently, the following holds true: 


Proposition 4. The finite transformations of two one-term groups X f and Y f are 
interchangeable one with another if and only if the expression |X , Y| vanishes iden- 
tically. 


It stands to reason to call interchangeable two infinitesimal transformations X f 
and Y f which stand in the relationship |X , Y| = 0. 

If we introduce this way of expressing, we can say that the finite transformations 
of two one-term groups are interchangeable by pairs if and only if the infinitesimal 
transformations of the two groups are so. 

Moreover, from the latter proposition, it yet comes the 


Theorem 46. The finite transformations of an r-term group X,f,...,X;f are pair- 
wise interchangeable if and only if all expressions |Xj, X,| vanish identically, or 
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stated differently, if and only if the infinitesimal transformations Xf ,...,X;f are 
interchangeable by pairs 


74. 


From the general developments of the §§ 69 and 70, we will now yet draw a few 
further consequences that are of importance. 

We again assume that the r independent infinitesimal transformations X; f,...,X-f 
stand pairwise in the relationships: 


[Xi, X;| = 2 Ciks Xs ie 


whence according to the Theorem 24 of the Chap. [9] p. the oo” finite transfor- 
mations )° e,X,;f form an r-term group. Now, if the family of the transformations 
Ye, X;f remains invariant by all transformations of a one-term group Y f, then ac- 
cording to Theorem 43, p. there exist 7 equations of the form: 


(4) [Y, Xi] = Yi Xsf. 


These equations show that the r+ 1 infinitesimal transformations X,/f,...,X-f, 
Y f generate an (r+ 1)-term group to which X;f,...,X,f belongs as an r-term sub- 
group. 

In addition, it is clear that the relations (4) do not essentially change their form 
when one inserts in place of Y f a completely arbitrary infinitesimal transformation 
of the (r+ 1)-term group. 

Hence, if x; = i(x1,..-,%n, 41,---,4,41) are the finite equations of the (r+ 1)- 
term group, then the family of the finite transformations )° e, X;f remains invariant 
when one introduces in the same way the new variables x’ in place of the x, that is 
to say, only the parameters vary in the analytic expression of the r-term group. 

A similar property would hold true if, instead of the single transformation Y f, 
one would have several, say m, such transformations all of which would satisfy 
relations of the form (4); in addition, we yet want to add the assumption that these m 
infinitesimal transformations Y| f,..., Yn, together with X,f,...,X,f, generate an 
(r+m)-term group. Then if we introduce new variables in the group X, f,...,X,f by 
means of an arbitrary transformation of the (r-+m)-term group, the family of finite 
transformations of our r-term group remains invariant, although the parameters are 
changed in their analytic representation. 

We want to express this relationship between the two groups by saying shortly: 
if the r-term group X,f,...,X; remains invariant by all transformations of the (r+ 
m)-term group, it is an invariant subgroup of it. 


+ LIE, Gesellschaft der Wissenschaften zu Christiania 1872; Archiv for Mathematik og Naturvidenskab Vol. 8, 
p. 180, 1882; Math. Annalen Vol. 24, p. 557, 1884. 


270 15 Invariant Families of Infinitesimal Transformations 


If we translate the way of expressing used commonly in the theory of substitu- 
tions, we can also interpret as follows the definition of the invariants subgroups: 

If T is the symbol of an arbitrary transformation of the (r+ m)-term group G, 
and if S is an arbitrary transformation of a subgroup of G, then this subgroup is 
invariant in G when the transformation T~! §T always belongs also to the subgroup 
in question. 

In what has been said above, the analytic conditions for the invariance of a sub- 
group are completely exhibited; so we need only to summarize them once again: 


Theorem 47. [f the r-term group X,f,...,X,f is contained in an (r+m)-term group 
Xi f,...,Xrf,Vif,-.-;Ymf, then it is an invariant subgroup of it when every |Y;, Xx 
expresses in terms of Xf ,...,X;f linearly with constant coefficients. 


On can give the Theorem 47 in the following more general — though only in a 
formal sense — version: 


Proposition 5. /f the totality of all infinitesimal transformations e,X,f + +--+ 
€mXmf forms an invariant family in the r-term group X\f,...,Xmf,...,Xrf, then 
X1f,..-,Xmf generate an m-term invariant subgroup of the r-term group. 


Indeed, since all [X;, X;], in which i is < m, can be linearly deduced from 
Xf,...,Xmf, then in particular the same holds true of all [X;, X;] in which both i 
and k are < m. As a result, X f,...,Xmf generate an m-term subgroup to which the 
Theorem 47 can immediately be applied. 


At first, a few examples of invariant subgroups. 


Proposition 6.[! If the r independent infinitesimal transformations X,f,...,X;f 
generate an r-term group, then the totality of all infinitesimal transformations 
[X;, Xx] also generate a group; if the latter group contains r parameters, then it is 
identical to the group X\f,...,Xrf; if it contains less than r parameters, then it is an 
invariant subgroup of the group X\f,...,X;f; if one adds to the |X;, X,| arbitrarily 
many mutually independent infinitesimal transformations e, X, f +---+e,X;,f that 
are also independent of the |X;, X,|, then one always obtains again an invariant 
subgroup of the group X\f,...,Xrf. 


It is clear that the [X;, X;| can at most generate an r-term group, since they all 
belong to the group X,/f,...,X;f; the fact that they effectively generate a group 
comes immediately from the relations: 


; 
be X;| = ye Cie Xe t 5 
s=1 
for one indeed has: 


+ In the Archiv for Mathematik og Naturvidenskab Vol. 8, p. 390, Christiania 1883, LIE observed that the [X;, X;] 
form an invariant subgroup. KILLING has realized this independently in the year 1886. 
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Levy 
[[Xi, Xe], (Xj, Xi] = VE ciks €jto Xs, Xo]. 
5,0 


The claim that the group generated by the |X;, X;,] in the group X,f,...,X,f is 
invariant becomes evident from the equations: 


e 
[Xj, (Xi, Xi] = Ly cins [Xj, Xs]- 
s=l 
The last part of the proposition does not require any closer explanation. 
The following generalization of the proposition just proved is noteworthy: 


Proposition 7. [fm infinitesimal transformations Z, f ,...,Zmf of the r-term group 
X1f,...,Xrf generate an m-term subgroup of this group, and if the subgroup in 
question is invariant in the r-term group, then the subgroup which is generated by 
all the infinitesimal transformations |Z, Zy| is also invariant in the r-term group. 


The proof of that is very simple. Under the assumptions of the proposition, there 
are relations of the shape: 


m 


XisZu] = Yo awa Zaf (k=l-r; w= 1m), 
A=I 


where the fj, are constants. Next, if we form the Jacobi identity (cf. Chap. 
p-LLOS): 
[Xx [Zu ZyI| =r [Zu [Zy, XJ] F [Zv, [Xi Zu]| = 0; 


and if we insert in it the expressions written above for [Z,,, X;| and [Z,, X;], we 
obtain the equations: 


[Xi [Zu Zy]| = y {hiya Zu; Z| —Nkua [Zy, Za], 
A=1 


from which it comes that the subgroup of the group X,f,...,X;f generated by the 
[Zu, Zy| is invariant in the former group. But this is what was to be proved. — 

Let the r-term group X/f,...,Xf, or shortly G,, contain an (r— 1)-term invariant 
subgroup and let Y; f,...,¥;f be r independent infinitesimal transformations of the 
G,. selected in a such a way that Y| f,...,Y,-—1f is this invariant subgroup. Then there 
exist relations of the fornt’t 


Yi, Ye] = ca Vif +--+ + cae yihif (i,k=1--r), 


whence all [Y;,¥%] and also all [X;, X;] can be linearly deduced from only 
Yi f,...,¥--1f. From this, we conclude that every (r— 1)-term invariant subgroup 


> Indeed, the invariance yields such relations for all i=1,..., r—1andall k= 1,...,r, and also by skew-symmetry 
for alli=1,...,randallk=1,..., r—1; it yet remains only [Y,,, Y,] which, anyway, is zero. 
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of the G, contains all the infinitesimal transformations [X;, X;| and so, we realize 
that the following proposition holds true: 


Proposition 8. In the r-term group X\f,...,X,f, there is an (r—1)-term invariant 
subgroup if and only if the infinitesimal transformations [X;, X;| generate a group 
with less than r parameters; if there are, amongst the |X;, X;| exactly ry <r mu- 
tually independent infinitesimal transformations, then one obtains all (r —1)-term 
invariant subgroups of the group X\f,...,X;f by adding to the |X;, X,| in the most 
general way r—r, — | infinitesimal transformations e, X\ f +--:+e,X;f which are 
mutually independent and are independent of the |X;, Xx]. 


The Proposition 1 in Chap. [12] p. 214] provides us with another example of in- 
variant subgroup. 

Namely, if, in the neighbourhood of a point i, ...,x9, a group contains infinites- 
imal transformations of first or of higher order in the x; — se then each time, all 
infinitesimal transformations of order k (k > 0) and higher generate a subgroup. 
Now, by bracketing [KLAMMEROPERATION], two infinitesimal transformations of re- 
spective orders k and k + v produce a transformation [X, Y] of the order 2k+v—1. 
Because k is > 0, one has 2k+ v—1 >k+-v, hence [X, Y] must be linearly express- 
ible in terms of the infinitesimal transformations of orders k+ v and higher. In other 
words: all the infinitesimal transformations of orders k+ v and higher generate a 
group which is invariant in the group generated by the infinitesimal transformations 
of orders k and higher. And as said, all of that holds true under the only assumption 
that the number k is larger than zero. 

In particular, if the numbers k and k+ v can be chosen in such a way that the 
group contains no infinitesimal transformation of orders (2k + v — 1) and higher in 
the neighbourhood of x?,...,x?, then the expression [X, Y] must vanish identically. 


an? 


Hence the following holds true: 


Proposition 9. Jf, in the neighbourhood of a point oe one a a group contains no in- 
finitesimal transformation of (s+ 1)-th order, or of higher order, and if, by contrast, 
it contains transformations of k-th order, where k satisfies the condition 2k —1> s, 
then all infinitesimal transformations of the group which are of the k-th order and 


of higher order generate a group with pairwise interchangeable transformations. 


Here, the point a hae Ds needs absolutely not be such that the coefficients of the 
resolved defining equations of the group (cf. Chap. [LI] p. sq.) behave regu- 
larly. — 

Consequently [CONSEQUENTERWEISE] One must say that each finite continuous 
group contains two invariant subgroups, namely firstly itself and secondly the iden- 
tity transformation. One realizes this by setting m, in the Theorem 47, firstly equal 
to r, and secondly equal to zero; in the two cases the condition for the invariance 
of the subgroup X/f,...,X;f is satisfied by itself, only as soon as X,f,...,X-f, 
Yi f,.--,¥mf is an (r+ m)-term group. 
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The groups which contain absolutely no invariant subgroup, disregarding the two 
which are always present, are of special importance. That is why these groups are 
also supposed to have a special name, and they should be called simple [EINFACH]. 
In contrast to this, a group is called compound [ZUSAMMENGESETZT] when, aside 
from the two invariant subgroups indicated above, it yet contains other invariant 
subgroups. 

In conclusion, here are still two propositions about invariant subgroups: 


Proposition 10. The transformations which are common to two invariant subgroups 
of a group G form in the same way a subgroup which is invariant in G. 


The transformations in question certainly form a subgroup of G (cf. Chap. [9] 
Proposition 2, p.[170); this subgroup must be invariant in G, since by all transforma- 
tions of G, it is transferred to a group which belongs to the two invariant subgroups, 
that is to say, to itself. 


Proposition 11. /f two invariant subgroups Y\f,...,¥mf and Z\f,...,Zpf of a 
group G have no infinitesimal transformations in common, then all expressions 
[Yi, Zz] vanish identically, that is to say, every transformation of one subgroup is 
interchangeable with every other transformation of the other subgroup. 


Indeed, under the assumptions made, every expression |Y;,Z,] must be ex- 
pressible with constant coefficients both in terms of Y; f,...,Yinf and in terms of 
Zif,.--,Zpf; but since the two subgroups have no infinitesimal transformations 
in common, then the thing is nothing else but that all expressions [Yj, Z;,] vanish 
identically. The rest follows from the Proposition 4, p.[259] 


75. 


There are r-term groups for which one can select r independent infinitesimal 
transformations: Y, f,...,Y,-f so that for every i < r, the i independent infinitesimal 
transformations Y,f,...,Y;f generate an i-term group which is invariant in the 
(i+ 1)-term group Y|f,...,¥;+1f. Then between Y| f,...,Y,f, there are relations of 
the form: 


vee) = Caaf st Gee ay 
(i=1--r—1; k=1--r—-i). 


(11) 


In the integration theory of those systems of differential equations which admit 
finite groups, it comes out that the groups of the just defined specific constitution 
occupy a certain outstanding position in comparison to all other groupg|l 

Later, in the chapter about linear homogeneous groups, we will occupy ourselves 
more accurately with this special category of groups; at present, we want only to 
show in which way one can determine whether a given r-term group X1f,..., Xf 
belongs, or does not belong, to the category in question. 


+ LIE, Ges. der Wiss. zu Christiania, 1874, p. 273. Math. Ann. Vol. XI, p. 517 and 518. Archiv for Math. og Nat. 
Vol. 3, 1878, p. 105 sq., Vol. 8, 1883. 
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In order that it be possible to choose, amongst the infinitesimal transformations 
ey X,f+---+e,X,f, r mutually independent ones: Y\ f,...,¥-f which stand in re- 
lationships of the form (11), there must above all exist an (r — 1)-term invariant 
subgroup in the G,: X, f,...,X,f. Thanks to Proposition 8, p.[272] we are in a posi- 
tion to determine whether this is the case: according to this proposition, the group 
Xf,...,X;f contains an (r— 1)-term invariant subgroup only when the group gen- 
erated by all [X;, X;,| contains less than r parameters, say 11; if this condition is sat- 
isfied, then one obtains all (r — 1)-term invariant subgroups of the G, by adding to 
the [X;, X;] in the most general way r—r  — 1 infinitesimal transformations e; Xf + 
----+e,X,f that are mutually independent and are independent of the [X;, X;]. 

However, not every r-term group which contains an (r— 1)-term invariant sub- 
group does belong to the specific category defined above; for it to belong to this 
category, it must contain an (r— 1)-term invariant subgroup, which in turn must 
contain an (r — 2)-term invariant subgroup, and again the latter subgroup must con- 
tain an (r —3)-term invariant subgroup, and so on. 

From this, it follows how we have to proceed with the group X,/f,...,X;/f: 
amongst all (r — 1)-term invariant subgroups of the G,, we must select those which 
contain at least an (r — 2)-term invariant subgroup and we must determine all their 
(r — 2)-term invariant subgroups; according to what precedes, this presents no 
difficulty. Afterwards, amongst the found (r — 2)-term subgroups, we must select 
those which contain (r — 3)-term invariant subgroups, and so forth. 

It is clear that in this manner, we arrive at the answer to the question which we 
have asked about the group X;/f,...,X,f. Either we realize that this group does 
not belong to the discussed specific category, or we find r independent infinitesi- 
mal transformations Y, f,...,Y, of our group which are linked by relations of the 
form (11). 


In certain circumstances, the computations just indicated will be made more dif- 
ficult by the fact that the subgroups to be studied contain arbitrary parameters which 
specialize themselves in the course of the computations. So we will indicate yet an- 
other process which conducts as well to answering our question, but which avoids 
all computations with arbitrary parameters. 

We want to suppose that amongst the [X;, X;], one finds exactly r; <r which 
are independent and that all [X;, X;] can be linearly deduced from XG Tees a i 
and furthermore correspondingly, that all [X/, X/] can be linearly deduced from the 
ry <r, independent transformations X/'f,...,X// f, all [X/’, X//] from the r3 < rz 


independent X;"f,...,X//f, and so on. Then according to Proposition 6, p. 
Xif,...,X;,f generate an rj-term invariant subgroup G,, of the G;: Xif,...,X,f, 
and furthermore X/’f,...,X;,f generate an r2-term invariant subgroup G,, of the 
G,,, and so forth; briefly, we obtain a series of subgroups G;,, G;,, G;,, ..., of the 
G; in which each subgroup is contained in all the preceding ones and is invariant 
in the immediately preceding one, in all cases. But now, according to the Proposi- 
tion 7, p. the G,, is at first invariant not only in the G,.,, but also in the G,, and 


furthermore, according to the same proposition, the G;, is not only invariant in the 
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G,,, but also in the G,, and even in the G, itself, and so forth. One sees that in the 
series of the groups: G,, G;,, G;,, ..., each individual group is contained in all the 
groups preceding, and is invariant in all the groups preceding. 

In the series of the entire numbers r, 7}, r2, ..., there is none which is larger 
than the preceding one, and on the other hand, none which is smaller than zero. 
Consequently, there must exist a positive number g of such a nature that rg+1 is 
equal to rg, while for j < q, it always holds true that: rj.) < rj. Evidently, one then 
has: 


Vg =VqHl = lq42 477°; 
so actually: 
lgtk ="q (k=1,2---). 

Now, there are two cases to be distinguished, according to whether the number rg 
has the value zero, or is larger than zerd| 

In the case rz = 0, it is always possible, as we will show, to select r independent 
infinitesimal transformations Y; f,...,Y,f of the G, which stand in relationships of 
the form (11). 

Indeed, we choose as Y,-f, Y--1f, ..., Y+,41f any r—r; infinitesimal transforma- 
tions e; Xi f +---+e,X,f of the G, that are mutually independent and are indepen- 
dent of X;f,...,X;,f3 a8 Yin f, Yy—1f, «+.» Yost f, we choose any r; — rz infinitesi- 
mal transformations eX; f +---+e!..X;,f of the G,, that are mutually independent 
and are independent of X;'f,...,X,,f, etc.; lastly, as Y,,_f, Y,, ,-1f, -.-. Yif, we 


choose any rg; independent infinitesimal transformations elt Dx (a1) (eae 


ef ee, f of the G,,_,. In this way, we obviously obtain r mutually indepen- 


dent infinitesimal transformations Y, f,...,Y,.f of our G,; about them, we claim that 
for every i < r, the 7 transformations Y, f,...,¥;f generate an i-term group which is 
invariant in the (i+ 1)-term group: Y, f,...,¥;+1,f. If we succeed to prove this claim, 
then we have proved also that Y; f,...,Y,.f stand in the relationships (11). 

Let j be any of the numbers 1,2,...,g. Then it is clear that the r; mutually 
independent infinitesimal transformations Y; f,...,¥,,f generate an rj-term group, 
namely the group G;, defined above; certainly, it must be remarked that in the case 
j = 4q, the G,; reduces to the identity transformation. 

As we already have remarked earlier on, according to Proposition 6, p. the 
G;; is invariant in the group G;_ ,; but from this proposition, one can conclude even 
more, namely one can conclude that we always obtain an invariant subgroup of the 
Gy, when, to the infinitesimal transformations Y, f,.. Yj f of the G;,, we add 
any infinitesimal transformations of the group G;,_, that are mutually independent 
and are independent of Y,/f,... Led - Now, since Frits ae dnt belong to the 
G;,_,, and furthermore, since they are mutually independent and independent of 
Y\f,...,¥;,f, then it comes that each one of the following systems of infinitesimal 
transformations: 


© In this case, rq > 2 in fact, for a one-term group is always solvable. 
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Lif ses Neh Y,41f;-- Xr -2f Yr af 
Xi fase Mra s Y4+1f,+ An gee 


Tic aylred 5 Y 4, Y,+2f 
Pi fps esNrjF Heat 


generates an invariant subgroup of the G;,_,. 

In this way, between the two groups G,,_, and G,.,, there are certain groups — let 
us call them Trey “1s Te as ..-,1;;+1 — which interpolate them and which possess 
the following properties: each one of them has a number of terms exactly one less 
than that of the group just preceding in the series, each one of them is contained 
in the G,, , and in all the groups preceding in the series, and each one of them is 
invariant in the G,,_,, hence also invariant in all the groups preceding in the series, 
and in particular, invariant in the group immediately preceding. About that, it yet 
comes that the G;, is contained in the es as an invariant subgroup. 

What has been said holds for all values: 1,2,...,g of the number /j, and conse- 
quently, we have effectively proved that Y, f,...,Y,f are independent infinitesimal 
transformations of the group X,/,...,X,f such that, for anyi<r, Yf,...,Vif 
always generate an i-term group which is invariant in the (i+ 1)-term group 
Y| f,..-,¥i41f. But this is what we wanted to prove. 

The case where the entire number r, defined above vanishes is now settled, so it 
still remains the case where r, is larger than zero. We shall show that it is impos- 
sible in this case to select r infinitesimal transformations Y, f,...,¥-f in the group 
X,f,...,X;f which stand in relationships of the form (11). 

If rg > 0, then the rg-term group G;, which is generated by the rg independent 


infinitesimal transformations x Tans ae f certainly contains no (rg — 1)-term 
invariant subgroup. Indeed, since rg1; = r,, then amongst the infinitesimal trans- 


formations [x{? x, one finds exactly r, that are mutually independent, whence 


by taking account of the Proposition 8, p. the property of the group G;,, just 
stated follows. 

At present, we assumd] that in the group X,/f,...,X,f, there are r independent 
infinitesimal transformations Y,f,...,Y, which are linked by relations of the 
form (11), and we denote by 6; the i-term group which, under this assumption, is 
generated by Y| f,...,Y;f. 

According to p. the group G,, is invariant in the group X)f,...,X;f, but as 
we Saw just now, it contains no (rq — 1)-term invariant subgroup. Now, since each 6; 
contains an (i— 1)-term invariant subgroup, namely the group 6;_1, it then follows 
immediately that the G,. , cannot coincide with the group G,; and at the same time, 
it also comes that there exists an integer number m which is at least equal to r, and 


7 (reasoning by contradiction) 
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is smaller than r, such that the G,, is contained in none of the groups 6,,, 6 
..., ®m, while by contrast, it is contained in all groups: 6,41, 6m+2, ..., Gy. 

As aresult, we have an m-term group 6,, and an rg-term group G;, 4 which are both 
contained in the (m+ 1)-term group 6,1 as_subgroups, and to be precise, which 
are both evidently contained in it as invariant subgroups. According to Chap. 
Proposition 7, p. the transformations common to the 6,, and to the Gr, form 
a group I* which has at least rg — 1 parameters, and which, according to Chap. 
Proposition 10, p. is invariant in the 6,41. Now, since under the assumptions 
made, the G,, is not contained in the 6,,, it comes that I” is exactly (rg — 1)-term 
and is at the same time invariant in the G;,. 

This is a contradiction, since according to what precedes, the G,, contains 
absolutely no invariant (rz — 1)-term subgroup. Consequently, the assumption 
which we took as a starting point is false, namely the assumption that in the 
group Xf,...,X;f, one can indicate r independent infinitesimal transformations 
Y f,...,¥-f which stand mutually in relationships of the form (11). From this, we 
see that in the case rz > 0, there are no infinitesimal transformations Yj f,...,¥,.f of 
this constitution. 

In the preceding developments, a simple process has been provided by means of 
which one can realize whether a given r-term group X,f,...,X;f belongs, or does 
not belong, to the specific category defined on page 273} 


Vq+1? 


Proposition 12.[! If X, f,...,X;f are independent infinitesimal transformations of 
an r-term group, if Xj f,... And (r, <r) are independent infinitesimal transforma- 
tions from which all |X;, Xx] can be linearly deduced, if furthermore X/'f,...,X;,f 
(r2 <1) are independent infinitesimal transformations from which all [X}, Xj] can 
be linearly deduced, and if one defines in a corresponding way r3 < rz mutually 
independent infinitesimal transformations X{"f,...,X/,'f, and so on, then the X'f 
generate an r\-term group, the X" f an r2-term group, the X'' f an r3-term group, 
and so on, and to be precise, each one of these groups is invariant in all the preced- 
ing groups, and also in the group X,f,...,Xrf.— In the series of the numbers r, rj, 
r2,... there is a number, say rg, which is equal to all the numbers following: rg+1, 
Tg+2, --., While by contrast the numbers r, rj, ..., Tq are all distinct one from an- 
other. Now, if rg = 9, then it is always possible to indicate, in the group X\f,...,X,f, 
r mutually independent infinitesimal transformations Y, f,...,Y,f such that for ev- 
ery i <r, the transformations Y\f,...,Y;f generate an i-term group which is in- 
variant in the (i+ 1)-term group: Y\ f,...,Yi41f, so that there exist relations of the 
specific form: 


ie ae] = Oe i Po eee 
eee a eee 


8 Since, as we saw, G,, is invariant in G, = G,, it is then trivially invariant in 6,41 C 6,. 


%q 


¥ In this proposition, r; naturally has the same meaning as on p. and likewise ry, r3, etc. 
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However, if rg > 0, it is not possible to determine r independent infinitesimal trans- 
formations Y\f,...,Y-f in the group X\f,...,X;f having the constitution defined 
above. 


Chapter 16 


The Adjoint Group 
Let x) = fi(x1,...,%n, @1,-.-,@,) be an r-term group with the r infinitesimal trans- 
formations: 
n Of 
Xf =), oa) oe (k=1-r). 
i=l “i 


If one introduces the x as new variables in the expression )\ e, X;f, then as it has 
been already shown in Chap. [3] Proposition 4, p.[45} one gets for all values of the 
e; an equation of the form: 


r r 
» ec Xf = » e,X_f. 
k= k=1 


1 


Here, the e; are certain linear, homogeneous functions of the e, with coefficients 
that depend upon aj,...,a;: 


(1) C=), Pil Gia Gy )ep 


If one again introduces in Ye, X/ f the new variables x/ = f(x, b), then one re- 


ceives: ; ‘ 
Ye Xf = Vi eX’, 
k=1 k=1 

where: 

(1’) = ¥ Pxj(b1,..., br) e}. 


But now, because the equations x, = fj(x, a) represent a group, the x” are conse- 
quently linked with the x through relations of the form x// = f;(x, c) in which the c 
depend only upon a and b: 


Ck = Ox (a1,.--,4r, Di 52a De): 
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Hence if one passes directly from the x to the x”, one finds: 


r r 
y en Xf = 2 ey Xy. ; 
k=1 


and to be precise, one has: 
(1”) = »y Pies Cigosa = 2 j(1(a,b),...,@-(a,b)) e;. 


From this, it can be deduced that the totality of all transformations e/, = ) px;(a) e; 
forms a group. Indeed, by combination of the equations (1) and (1) it comes: 


= pu Diss gh r) Pjv(a1,- 1+ Op) Cy, 


what must naturally coincide with the equations (1”) and in fact, for all values of 
the e, of the a and of the b. Consequently, there are the r identities: 


Prv (G1 (4,b),.- .0,(a,b)) = ¥ pw! a\,- sag @n) Peg PisasexPr)s 


from which it results that the family of the transformations e, = Y, px;(a) e; effec- 
tively forms a group. 

To every r-term group x; = f(x, a) therefore belongs a fully determined linear 
homogeneous group: 


(1) a= y Prj(Q1,--+,@r) ej (k=1--r), 
j=l 


which we want to call the adjoint groupl| [ADJUNGIRTE GRupPE] of the group x; = 
fi(x, a). 

We consider for example the two-term group x’ = ax +b with the two independent 
infinitesimal transformations: ot af . We find: 
df df df 
er tex eras tea(x =) 1 gg + e2* gop 
whence we obtain for the adjoint group of the group x’ = ax+b the following 

equations: 


df df df 


/ / 
e; =ae, —bep, e> = 2, 


which visibly really represent a group. 


+ LIE, Archiv for Math., Vol. 1, Christiania 1876. 
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The adjoint group of the group x; = f(x, a) contains, under the form in which 


it has been found above, precisely r arbitrary parameters: a),...,a,. But for every 
individual group x; = fi(x, a), a special research is required to investigate whether 
the parameters a),...,d, are all essential in the adjoint group. Actually, we shall 


shortly see that there are r-term groups whose adjoint group does not contain r 
essential parameters. 

Besides, in all circumstances, one special transformation appears in the adjoint 
group of the group x; = f;(x, a), namely the identity transformation; for if one sets 


for a,,...,d@, in the equations (1) the system of values which produces the identity 
transformation x; = x; in the group x; = f;(x, a), then one obtains the transformation: 
e, = e1,...,e. = e,, which hence is always present in the adjoint group. However, 


as we shall see, it can happen that the adjoint group consists only of the identity 
transformation: e1 SO jjavegle =p: 


76. 


In order to make accessible the study of the adjoint group, we must above all deter- 
mine its infinitesimal transformations. We easily reach this end by an application of 
the Theorem 43, Chap.[L5] p. yet we must in the process replace the equations 
x; = fi(x, a) of our group by the equivalent canonical equations: 


t 1 i 
(2) x, =xj+- y Ay XEXi ++ (i=1--n), 
1 
which represent the oo”! one-term subgroups of the group x; = f;(x, a). According 
to Chap. |4] p. [79] the a, are defined here as functions of t and A;,...,A, by the 
simultaneous system: 


r 


d 
(3) Se = Ap ular, sar) (kK=1-7). 
j=l 


By means of the equations (2), we therefore have to introduce the new variables 
x! in Ye, X;,f and we must then obtain a relation of the form: 


r r 
y er Xf = yy e, Xif. 
k=1 k=1 


The infinitesimal transformation denoted by Yf in Theorem 43 on p. now 
writes: A, Xf +---+A,X,f; we therefore receive in our case: 


Y (Xk(f)) —Xe(V(F)) = YE Av Xv, Xe 


r 


= 3 { L Avevis | Xof. 
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Consequently, we obtain the following differential equations for e/,...,é.: 
(4) ye Cyume, =0 (s=1--r). 
k=l 


We consider the integration of these differential equations as an executable op- 
eration, for it is known that it requires only the resolution of an algebraic equation 
of r-th degree. So if we perform the integration on the basis of the initial condition: 
ey = e, for t = 0, we obtain r equations of the form: 


() C= > Wij(Ait,..., Art) ej (k=1--r), 
j=l 


which are equivalent to the equations (1), as soon as the a, are expressed as func- 
tions of A;t,...,A,t in the latter. 

From this, it follows that the equations (5) represent the adjoint group too. But 
now we have derived the equations (5) in exactly the same way as if we would have 
wanted to determine all finite transformations which are generated by the infinites- 
imal transformations: 


ZL oy CRVEER af =) Ay Ev f 
v=1 k,s 


(cf. p. 51 above). Consequently, we conclude that the adjoint group (1) consists of 
the totality of all one-term groups of the form A, E, f +---+4,E;f. 

If amongst the family of all infinitesimal transformations A; EF, f +---+A,E,f 
there are exactly p transformations and no more which are independent, say 
E\ f,...,Epf, then all the finite transformations of the one-term groups A; E, f + 

--+1,E,f are already contained in the totality of all finite transformations of the 
oP! groups Ay E, f +--:+A Ep f. The totality of these oo” finite transformations 
forms the adjoint group: e, = Y. px ;(a) e;, which therefore contains only p essential 
parameters (Chap. [4] Theorem 8, p.[72). 

According to what precedes, it is to be supposed that E) f,...,Ep)f are linked 
together by relations of the form: 


[Eu, Ey] = y &uvs Esf; 


we can also confirm this by a computation. By a direct calculation, it comes: 


l---r P) 
Eu (Ey(f)) —Ey (Eu (f)) = y (CapkCkve — Cavk Cho) cet 


0,k,7 


But between the c;,,, there exist the relations: 
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“ 
»: (Crk Ckvo + Cuvk Ckno + Cvak Chaka) = 0, 
k=1 


which we have deduced from the Jacobi identity some time ago (cf. Chap. [9] Theo- 
rem 27, p.[180). If we yet use for this that cyz~ = —Cayx and Cing = —Cako, We Can 
bring the right hand-side of our equation for [E,, Ey] to the form: 


r ler of 
yy Cuvk yy Crko x Oe.) 
k=1 O,1 eG 


whence it comes: . 
[Eu, Ey| = yy Cuvk Exf. 
k=1 


Lastly, under the assumptions made above, the right hand side can be expressed by 
means of E| f,...,Epf alone, so that relations of the form: 


p 
[Eu, Ey| = py SuvsEsf 
s=l 


really hold, in which the g,,ys denote constants. 
Before we continue, we want yet to recapitulate in cohesion [1M ZUSAMMENHANGE 
WIEDERHOLEN] the results of the chapter obtained until now. 


Theorem 48. Jf, in the general infinitesimal transformation e, Xf +---+e-X-f of 
the r-term group x; = f;(x, a), one introduces the new variables x' in place of the x, 
then one obtains an expression of the form: 


eit tee, Xef 


in the process, the e' are linked to the e by equations of the shape: 
e y 
; 
/ 
e. = y Prj(@1,---,@r) e; Gin; 
j=l 


which represent a group in the variables e, the so-called adjoint group of the group 
x = fi(x, a). This adjoint group contains the identity transformation and is gener- 
ated by certain infinitesimal transformations; if, between X,f,...,X;f, there exist 
the Relations: 


: 
Mel =) Cra Xef (i,k=1--r), 
s=1 


and if one sets: 


Leer 2 
Eyf= Yo cunesse (water. 
kj : 
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then A, E\ f +---+A,E,f is the general infinitesimal transformation of the adjoint 
group and between E|f,...,E,f, there are at the same time the relations: 


[Bi 2| = y City Es f (i,k=1--r). 


If two r-term groups X,f,...,X;f and Y, f,...,Y, are constituted in such a way 
that one simultaneously has: 


[X;, Xi] = oY Ciks X, Sy hia y= y Ciks Vsf, 


with the same constants cjx; in the two cases, then both groups obviously have the 
same adjoint group. Later, we will see that in certain circumstances, also certain 
groups which do not possess an equal number of terms can nonetheless have the 
same adjoint group. 


77. 


Now, by what can one recognize how many independent infinitesimal transforma- 
tion there are amongst FE, f,...,E,f? 

If E, f,...,£,-f are not all independent of each other, then there is at least one in- 
finitesimal transformation )' g,, Ey, f which vanishes identically. From the identity: 


r leer Of 
yes.) Cink ei a = 0, 
u=1 kj k 
it comes: ; 
y 8 uC juk = 9 


u=1 
for all values of j and k, and consequently the expression: 


r r r 
[x z enuf] =) { ps Bu cink } Xef 
u=1 k=1 ~ u=1 

vanishes, that is to say: the infinitesimal transformation )’ g,, X,, f is interchange- 
able with all the r infinitesimal transformations X;f. Conversely, if the group 
Xf,...,X;f contains an infinitesimal transformation )) g,Xy,f which is inter- 
changeable with all the X;f, then if follows in the same way that the infinitesimal 
transformation )’ g,, Ey, f vanishes identically. 

In order to express this relationship in a manner which is as brief as possible, we 
introduce the following terminology: 

An infinitesimal transformation ¥) gyXyf of the r-term group X\f,...,X,f is 
called an excellent infinitesimal transformation of this group if it is interchangeable 
with all the X;f. 
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Incidentally, the excellent infinitesimal transformations of the group X, f,...,X).f 
are also characterized by the fact that they keep their form through the introduction 
of the new variables x; = fj(x, a), whichever values the parameters aj,...,a, can 
have. Indeed, if the infinitesimal transformation )° g,, X, f is excellent, then accord- 
ing to Chap. 15, p. 259, there is a relation of the form: 


LY guxuf =Y euXzf. 


In addition, the cited developments show that each finite transformation of the 
one-term group )) g,, Xf is interchangeable with every finite transformation of the 
group X,f,...,X;f. 

According to what has been said above, to every excellent infinitesimal trans- 
formation of the group X,/f,...,X;f, it corresponds a linear relation between 
E\f,...,E,f. If Y guXyf is an excellent infinitesimal transformation, then there 
exists between the Ef simply the relation: )) g, FE, f = 0. Consequently, between 
E\ f,...,E,f there are exactly as many independent relations of this sort as there are 
independent excellent infinitesimal transformations in the group X1/f,...,X,f. If 
there are exactly m and not more such independent transformations, then amongst 
the infinitesimal transformations E) f,...,E,f there are exactly r—m and not more 
which are independent, and likewise, the adjoint group contains the same number 
of essential parameters. 

We therefore have the 


Theorem 49. The adjoint group e, = Y pxj(a)e; of an r-term group X\f,...,X-f 
contains r essential parameters if and only if none of the -"—' infinitesimal trans- 
formations Y) gy Xpf is excellent inside the group X\f,...,X;f; by contrast, the 
adjoint group has less than r essential parameters, namely r—m, when the group 
X1f,...,X;f contains exactly m and not more independent excellent infinitesimal 
transformations 


Let us take for example the group: 


of of 
Ox,’ OX 


Its infinitesimal transformations are all excellent, since all cj; are zero. So all r 
expressions E\ f,...,£,;f vanish identically, and the adjoint group reduces to the 
identity transformation. 

On the other hand, let us take the four-term group: 


(r <n). 


This group contains a single excellent infinitesimal transformation, namely: 


+ LIE, Math. Ann. Vol. XXV, p. 94. 
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Of. of. 
POs ay? 


its adjoint group is hence only three-term. 


If the group X,f,...,X-f contains the excellent infinitesimal transformation 
LeuXuf, then ) g,X,f is a linear partial differential equation which remains 
invariant by the group; in consequence of that, the group is imprimitive (cf. p.[229). 
From this, we conclude that the following proposition holds: 


Proposition 1. /f the group X, f,...,X;f in the variables x,,...,Xn is primitive, then 
it contains no excellent infinitesimal transformation. 


If we combine this proposition with the latter theorem, we yet obtain the 


Proposition 2. The adjoint group of an r-term primitive group contains r essential 
parameters. 


In a later place, we shall give a somewhat more general version of the last two 
propositions (cf. the Chapter 24] about systatic groups). 

According to what precedes, the infinitesimal transformations of an r-term group 
X,f,...,X;f and those of the adjoint group E) f,...,£,f can be mutually ordered 
in such a way that, to every infinitesimal transformation )’ e, X; which is not excel- 
lent there corresponds a nonvanishing infinitesimal transformation )° e; E;.f, while 
to every excellent infinitesimal transformation )) e, X;f is associated the identity 
transformation in the adjoint group. In addition, if one takes account of the fact that 
the two systems of equations: 


Xe Xx] = yy Ciks Xf, [Ei E;| = = Ciks Esf 


have exactly the same form, then one could be led to the presumption that the adjoint 
group cannot contain excellent infinitesimal transformations. Nevertheless, this pre- 
sumption would be false; that is shown by the group 0 f/0x2, x1 0f/Ox2, Of /Ax| 
whose adjoint group consists of two interchangeable infinitesimal transformations 
and therefore contains two independent excellent infinitesimal transformations. 


78. 


The starting point of our study was the remark that the expression )’ e;, X;f takes 
the similar form ) ¢), Xf after the introduction of the new variables x; = f;(x,a). 
But now, according to Chap. [15] p. the expression ) e; X;,f can be interpreted 
as the symbol of the general finite transformation of the group X)f,...,X7f; here, 
the quantities e;,...,e, are to be considered as the parameters of the finite transfor- 
mations of the group X,f,...,X;f. Consequently, we can also say: after the tran- 
sition to the variables x’, the finite transformations of the group X,f,...,X,f are 


§ 78. 287 


permuted with each other, while their totality remains invariant. Thanks to the de- 
velopments of the preceding paragraph, we can add that the concerned permutation 
[VERTAUSCHUNG] is achieved by a transformation of the adjoint group. 

But when it is spoken of a “permutation of the finite transformations Ye, X;f°’, 
the interpretation fundamentally lies in the fact that one imagines these transforma- 
tions as individuals [INDIVIDUEN]; we now want to pursue this interpretation some- 
what in details. 

Every individual in the family )° e; X;f is determined by the associated values of 
€1,...,e,; for the sake of graphic clarity, we hence imagine the e; as right-angled 
point coordinates of an r-times extended manifold. The points of this manifold then 
represent all finite transformations Ye, X;f; hence, they are transformed by our 
known linear homogeneous group: 


& = Y) Prjla)e;- 
j=l 


At the same time, the origin of coordinates e; = 0, ..., e = 0, i.e. the image-point 
[BILDPUNKT] of the identity transformation eh = xj, obviously remains invariant. 

Every finite transformation é° belongs to a completely determined one-term 
group, whose transformations are defined by the equations: 


el er 
Q= =m: 
ey e; 


but according to our interpretation, these equations represent a straight line through 
ex = 0, that is to say: 

Every one-term subgroup of the group X\f,...,X;f is represented, in the space 
€1,-..-,e7, by a straight line which passes through the origin of coordinates e, = 0; 
conversely, every straight line through the origin of coordinates represents such a 
one-term group. 


Every other subgroup of the r-term group X)f,...,X;f consists of one-term 
subgroups and these one-term groups are determined by the infinitesimal trans- 
formations that the subgroup in question contains. But according to Chap. 
Proposition 6, p. the infinitesimal transformations of a subgroup of the group 
Xi f,...,X,f can be defined by means of linear homogeneous equations between 
€1,..-,e,; these equations naturally define also the one-term groups which belong to 
the subgroup, hence they actually define the finite transformations of the subgroup 
in question. Expressed differently: 


Every m-term subgroup of the group X\f,...,X;f is represented, in the space 
@1,<005@y DY a straighL [EBEN] m-times extended manifold which passes through 
the origin of coordinates: ej =0,..., er =0. 


> The “straight” character just means that the manifold in question is a linear subspace of the space ¢1,...,¢;. 
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Of course, the converse does not hold true in general; it occurs only very excep- 
tionally that every straight manifold through the origin of coordinates represents a 
subgroup. 

The adjoint group e), = ) pxj;(a) e; now transforms linearly the points e;. If an 
arbitrary point @;, remains invariant by all transformations of the group, and in con- 
sequence of that, also every point m@, = Const. @,, then according to what precedes, 
this means that the transformations of the one-term group )° @&, X;f are interchange- 
able with all transformations of the group X,f,...,X;-f. 

Every invariant subgroup of the group X1/f,...,X, is represented by a straight 
manifold containing the origin of coordinates which keeps its position through all 
transformations e,, = ) pxj(a)e;. On the other hand, every manifold through the 
origin of coordinates which remains invariant by the adjoint group represents an 
invariant subgroup of X,f,...,X;f (cf. Chap. [15] Proposition 5, p.[270). 

Now, let M be any straight manifold through the origin of coordinates which 
represents a subgroup of the G;: X1f,...,X;,f. If an arbitrary transformation of the 
adjoint group is executed on M, this gives a new straight manifold which, likewise, 
represents a subgroup of the G,. Obviously, this new subgroup is equivalent [AHN- 
LIcH], through a transformation of the G,, to the initial one, and if we follow the pro- 
cess of the theory of substitutions, we can express this as follows: the two subgroups 
just discussed are conjugate [GLEICHBERECHTIGTL] inside the group X\f,...,X,f. 

The totality of all subgroups which, inside the group G,, are conjugate to the sub- 
group which is represented by M is represented by a family of straight manifolds, 
namely by the family that one receives as soon as one executes on / all transforma- 
tions of the adjoint group. Two different manifolds of this family naturally represent 
conjugate subgroups. 

From this we conclude that every invariant subgroup of the G, is conjugate only 
to itself inside the G,. 

Since the family of all subgroups g which are conjugate to a given one result from 
the latter by the execution of all transformations e, = Y px;(a) ej, then this family 
itself must be reproduced by all transformations ef = Y px (0) e'. Because if one ex- 
ecutes the transformations e), =) pxj(a) ej and e¢ = Y px;(a) e’; one after the other, 
then one obtains the same result as if one would have applied all transformations: 


ee =>) prj(cje; (ck = (a, b)) 


to the initially given subgroup; in the two cases, one obtains the said family. 

Now, if all conjugate subgroups g have a continuous number of mutually common 
transformations, then the totality of all these transformations are represented by a 
straight manifold in the space e1,...,e,. Naturally, this straight manifold remains 
invariant by all transformations of the adjoint group and hence, according to what 
was said above, it represents an invariant subgroup of the G,. Consequently, the 
following holds true. 


3 Literally in German: they are equal, they are considered on the same basis, or they have the same rights. 
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Theorem 50. Jf the subgroups of a group G, which are conjugate inside the G, to a 
determined subgroup have a family of transformations in common, then the totality 
of these transformations forms a subgroup invariant in the Gy. 


79. 


We distribute [EINTHEILEN] the subgroups of an arbitrary r-term group G, in different 
classes which we call types [TyPEN] of subgroups of the G;. We reckon as belonging 
to the same type the groups which are mutually conjugate inside the G,; the groups 
which are not conjugate inside the G, are reckoned as belonging to different types. 

If one knows any subgroup of the G,, then at once, one can determine all sub- 
groups which belong to the same type. Thanks to this fact, the enumeration [ AUFZAH- 
LuNG] of the subgroups of a given group is essentially facilitated, since one clearly 
does not have to write down all subgroups, but rather, one needs only to enumerate 
the different types of subgroups by indicating a representative for every type, hence 
a subgroup which belongs to the type in question. 

We also speak of different types for the finite transformations of a group. We 
reckon as belonging to the same type two finite transformations: 9X Di ee 
e°X,f and @,X,f+---+28,X,f of the r-term group X)f,...,X,f if and only if 
they are conjugate inside the G,, that is to say: when the adjoint group contains a 
transformation which transfers the point e” Pere e to the point @,,...,é@,. It is clear, 
should it be mentioned, that in the concerned transformation e, = ) %je; of the 
adjoint group the determinant of the coefficients yj; should not vanish. 

At present, we want to take up again the question about the types of subgroups of 
a given group, though not in complete generality; instead, we want at least to show 
how one has to proceed in order to find the extant types of one-term groups and of 
finite transformations. 

At first, we ask for all types of finite transformations. 

Let exif +--»+e9X,f be any finite transformation of the group X/f,...,X;f. 
If, on the the point e” ...,e9, we execute all transformations of the adjoint group, we 
obtain the image-points [BILDPUNKTE] Of all the finite transformations of our group 
which are conjugate to Y e° X;,f and thus, belong to the same type as )) e° Xf. Ac- 
cording to Chap.[14] p.[233] the totality of all these points forms a manifold invariant 
by the adjoint group and to be precise, a so-called smallest invariant manifold, as 
was said at that time. 

We can consider the finite equations of the adjoint group as known; consequently, 
we are in a position to indicate without integration the equations of the just men- 
tioned smallest invariant manifold (cf. Chap. Theorem 37, p. 233). Now, since 
every such smallest invariant manifold represents the totality of all finite transforma- 
tions which belong to a certain type, then with this, all types of finite transformations 
of our group are found. As a result, the following holds true. 


Proposition 3. [f an r-term group x. = fi(x1,---,Xn,41,---,4,) with the r indepen- 
dent infinitesimal transformations Xf ,...,X;f is presented, then one finds in the 
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following way all types of finite transformations eX, f +---+e,-X-f of this group: 
one sets up the finite equations e), = Y. Pxj(a) e; of the adjoint group of the group 
X,f,...,X;f and one then determines, in the space of the e, the smallest mani- 
folds which remain invariant by the adjoint group; these manifolds represent the 
demanded types. 


With all of that, one does not forget that only the transformations of the adjoint 
group for which the determinant of the coefficients does not vanish are permitted. 
About this point, one may compare with what was said in Chap. [14] p. 

Next, we seek all types of one-term subgroups, or, what is the same: all types of 
infinitesimal transformations of our group. 

Two one-term groups eX, f and Y @&.X;f are conjugate inside the G, when 
there is, in the adjoint group, a transformation which transfers the straight line: 


el er 

e” e 
to the straight line: 

ial er 

2 e,” 


these two straight lines passing through the origin of coordinates are indeed the im- 
ages of the one-term subgroups in question. Hence if we imagine that all transfor- 
mations of the adjoint group are executed on the first one of these two straight lines, 
we obtain all straight lines passing through the origin of coordinates that represent 
one-term subgroups which are conjugate to the group Y° eD X,f. Naturally, the total- 
ity of all these straight lines forms a manifold invariant by the adjoint group, namely 
the smallest invariant manifold to which the straight line: e, / e® =---=e,/e® be- 
longs. It is clear that this manifold is represented by a system of equations which is 
homogeneous in the variables e1,..., é;. 

Conversely, it stands to reason that every system of equations homogeneous in the 
e which admits the adjoint group represents an invariant family of one-term groups. 
Now, since every system of equations homogeneous in the e is characterized to be 
homogeneous by the fact that it admits all transformations of the form: 


(6) @ = Abts xr OS ALS 


it follows that we obtain all invariant families of one-term groups by looking up at 
all manifolds of the space e;,...,e- which, aside from the transformations of the 
adjoint group, yet also admit all transformations of the form (6). In particular, if 
we seek all smallest invariant manifolds of this constitution, we clearly obtain all 
existing types of one-term subgroups. 

The transformations (6) form a one-term group whose infinitesimal transforma- 
tions read: 


r of 
Ef= —. 
f d Or 
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If we add Ef to the infinitesimal transformations E) f,...,E,f of the adjoint group, 
we again obtain the infinitesimal transformations of a group; indeed, the expres- 
sions |E;, E] all vanish identically, as their computation shows. Visibly, everything 
amounts to the determination of the smallest manifolds which remain invariant by 
the group E\ f,...,E,f,Ef. But according to the instructions in Chap p. 
this determination can be accomplished, since together with the finite equations of 
the adjoint group, the finite equations of the group just mentioned are also known 
without effort. Hence we have the 


Proposition 4. [f an r-term group x, = fi(x1,--.,Xn, @1,---,@r) with the r indepen- 
dent infinitesimal transformations Xf ,...,X;f is presented, then one finds as fol- 
lows all types of one-term subgroups of this group, or what is the same, all types 
of infinitesimal transformations E, f,...,E,f: one sets up the infinitesimal transfor- 
mations of the adjoint group of the group X,f,...,X,f, then one computes the finite 
equations of the group which is generated by the r +1 infinitesimal transformations 
Ey fp yccydiyf and: 


yas 

El =) es 

ik 

and lastly, one determines, in the space e1,...,€;, the smallest manifolds invariant 


by the just defined group; these manifolds represent the demanded types. 


In what precedes, it is shown how one can determine all types of finite trans- 
formations and all types of one-term subgroups of a given r-term group. Now in 
a couple of words, we will yet consider somewhat more precisely the connection 
which exists between these two problems; we will see that the settlement of one of 
these two problems facilitates each time the settlement of the other. 

On the first hand, we assume that we already know all types of finite trans- 
formations of the group X1f,...,X;f, so that all smallest manifolds of the space 
€1,---,e€, which admit the adjoint group E)/f,...,£,f are known to us. Then how 
one must proceed in order to find the smallest manifolds invariant by the group Ef, 
Fay casadeey 2 

It is clear that every manifold invariant by the group Ef, FE) f,...,£,f admits 
also the adjoint group; consequently, every sought manifold either must be one of 
the already known manifolds, or it must contain at least one of the known man- 
ifolds. Hence in order to find all the sought manifolds, we only need to take the 
known manifolds one after the other and for each of them, to look up at the smallest 
manifold invariant by the group Ef, E) f,...,£,f in which it is contained. 

Let: 


(7) Wi(e1,---,er) =0, eaey Wal Gis €) =U, 


or shortly M, be one of the known manifolds which admits the adjoint group 
E\ f,...,E,f. Now, how one finds the smallest manifold which admits the group 
Ef, E\ f,...,£,f and which in addition comprises the manifold M? 
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The sought manifold necessarily contains the origin of coordinates e; = 0, ..., 
e, = 0 and moreover, it consists in nothing but straight lines passing through it, 
hence it certainly contains the manifold M’ which is formed of the straight lines 
between the points of M and the origin of coordinates. Now, if we can prove that M’ 
admits the infinitesimal transformations Ef, E, f,...,E£,-f, then at the same time, 
we have proved that M’ is the sought manifold. 

Visibly, the equations of M’ are obtained by eliminating the parameter t from the 
equations: 


(8) Wi(e1T, scugr®) =); pee Win(er T, eee es) =0. 


Consequently, M’ can be interpreted as the totality of all the oo! manifolds that are 
represented by the equations (8) with the arbitrary parameter tT. But the totality of 
the manifolds (8) obviously admits the infinitesimal transformation E f, since the oo! 
systems of equations (8) are permuted with each other by the finite transformations: 


Oy HAC iy rs C= Ae 


of the one-term group Ef. Furthermore, it is easy to see that each one of the individ- 
ual systems of equations (8) allows the infinitesimal transformations EF, /f,..., Ef. 
Indeed, because the system of equations (7) allows the infinitesimal transforma- 


tions: ; 
Euf =) Cjurej 5— (u=1--r) 
iL d Ju I dex 


Of 
ds Cink eI” Feet) =Enf, 


that is to say, it admits FE, f,...,£,f themselves, whichever value Tt can have. 

From this, we conclude that the totality of the co! manifolds (8) admits the in- 
finitesimal transformations Ef, E, f,...,E,f, hence that the manifold M’ which co- 
incides with this totality really is the sought manifold; as said, this manifold is 
analytically represented by the equations which are obtained by elimination of the 
parameter T. 

If we imagine that for every manifold M, the accompanying manifold M’ is 
formed, then according to the above, we obtain all types of one-term subgroups of 
the group X,f,...,X-f.— 

On the other hand, we assume that we know all types of one-term subgroups of 
the group X,/f,...,X;, and we then seek to determine from them all types of finite 
transformations of these groups. 

All smallest manifolds invariant by the group Ef, E) f,...,£,f are known to us 
and we must seek all smallest manifolds invariant by the group E)/f,...,E,.f. But 
now, since every sought manifold is contained in one of the known manifolds, we 
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only have to consider for itself each individual known manifold and to look up at 
manifolds of the demanded constitution that are located in each such manifold. 

Let the g-times extended manifold M be one of the smallest manifolds invariant 
by the group Ef, E) f,...,E,f. Then for the points of M (cf. Chap. [14] p.[243), all 
the (¢+ 1) x (¢+1) determinants, but not all g x q ones, of the matrix: 


el . . . er 
(9) 4 Saree © = Ly Cer ee 
ee: os eee 2 es 
Yi Cine 1 Cort 


vanish. 

Now, the question whether M decomposes in subsidiary domains which remain 
invariant by the group E)f,...,£,f is settled by the behaviour of the g x g subde- 
terminants of the determinant: 


vai CHG? * + eh Cee ee 
i= eo : 
ap Coie * * Dap Ceres 


If, for the points of M, not all the subdeterminants in question vanish, then no 
decomposition of M in smaller manifolds invariant by the adjoint group takes place. 

By contrast, if the concerned subdeterminant all vanish for the points of M, then 
M decomposes in oo! (g— 1)-times extended subsidiary domains invariant by the 
group E f,...,E,f; that there are exactly oo! such subsidiary domains follows from 
the fact that surely for the points of M, not all (q¢—1) x (¢—1) subdeterminants 
of A vanish, for on the contrary case, all the g x g determinants of the matrix (9) 
would vanish simultaneously. Naturally, one can sets up without integration the 
equations of the discussed subsidiary domains, since the finite equations of the 
group FE) f,...,E£,f are known. 


In the present chapter, we always have up to now considered the finite transfor- 
mations of the group X,/f,...,X;f only as individuals and we have interpreted them 
as points of an r-times extended space. 

There is another standpoint which is equally legitimate. We can also consider as 
individuals the one-term subgroups, or, what amounts to the same, the infinitesimal 
transformations of our group, and interpret them as points of a now (r— 1)-times 
extended space. Then clearly, we must understand the quantities e;,...,e, as homo- 
geneous coordinates in this space. 

Our intention is not to follow further these views; above all, by considering what 
was said earlier on, it appears for instance evident that every m-term subgroup of the 
group Xf,...,X;f is represented, in the (r— 1)-times extended space, by a smoottt 


4 Namely, the projectivization of a linear subspace (Lie subalgebra) or “straight” [EBEN] manifold (cf.[287). 


294 16 The Adjoint Group 


[EBEN] manifold of m— 1 dimensions. We only want to derive a simple proposition 
which follows by taking as a basis the new interpretation and which can often be 
useful for the conceptual researches about transformation groups. 

We imagine that the general finite transformation: 


t FE 
daxjto YAK ts (=1~n) 
k=1 


of the one-term group A) X) f +---+A0X,f is executed on the infinitesimal trans- 
formation: e9 X) f+---+e°X,f of our r-term group, that is to say, we imagine 
that, in place of x1,...,Xn, the new variables x/,...,x/, are introduced in the expres- 
sion e? Xf +---+e9X,f. According to p. the infinitesimal transformation: 
e” Xif+---+ é X,f is transferred at the same time to the oo! infinitesimal transfor- 


mations: e; X; f+--:+e,X;f of our group, where e;,...,e, are certain functions of 
e”, ...,e9 and t that determine themselves through the differential equations: 
: des oY 
(4’) 7 >, Ay VY Cvks Ck (s=1--r), 
v=1 k= 
with the initial conditions: e; = ae eee .—= é fort = 0. 


Since every infinitesimal transformation of our group is represented by a point of 
the (r — 1)-times extended space mentioned a short while ago, we can also obviously 
say: If all co! transformations of the one-term group: APX ft---+A°X,/f are exe- 
cuted on the infinitesimal transformation: e” X,f+---+e2X,f, then the image-point 
of this infinitesimal transformation moves on a certain curve of the space e1,...,é;. 

Now, there is a very simple definition for the tangent to this curve at the point 


e°: --.: e°, Namely, the equations of the tangent in question have the form: 


fay leur 
0,0 0,0 _ 
es > Cykr Ay €y — er _; Cys Ay &, = 0 
vik vik 


(s, T=1--r), 


whence the point whose homogeneous coordinates possess the values: 
Lesey ee 
es=)o cveshy ey (s=1--7) 
Vik 


obviously lie on the tangent. But this point visibly is the image-point of the infinites- 
imal transformation: 


r 


r r Leer 
Y AoX yf. y xis] 2 {Y cuAterh xs 
k=1 s=1 


v=1 vik 
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which is obtained by combination of the two infinitesimal transformations )) yi Xvf 
and Ye? X,.f. Consequently, we have the 


r— 


Proposition 5. /f one interprets the ~~! infinitesimal transformations e,X\f + 
---+e,X,f of an r-term group X\f,...,X;f as points of an (r— 1)-times ex- 
tended space by considering e,...,@- as homogeneous coordinates in this 
space, then the following happens: If all transformations of a determined one 
term group: Axi f + --» +A°X,f are executed on a determined infinitesimal 
transformation eX ft-::+e°X,f, then the image-point of the transformation 
eX f+ ---+e°X,f describes a curve, the tangent of which at the point e°: vas eel 
may be obtained by connecting, through a straight line, this point to the image-point 
of the infinitesimal transformation [YA Xyf, ¥. oD Xi f]|; on the other hand, if all 
transformations of the one-term group Y eX; f are executed on the infinitesimal 
transformation ye ee f, then the image-point of the transformation yACX, f 
describes a curve, the tangent of which one obtains by connecting, through a 
straight line, this point to the image-point of the infinitesimal transformation 


els. Axel 


Chapter 17 
Composition and Isomorphism 


Several problems that one can raise about an r-term group X;f,...,X;f require, for 
their solution, only the knowledge of the constants cjx, in the relations: 


[Xi, Xi] = y Ciks Xsf - 


For instance, we have seen that the determination of all subgroups of the group 
X\f,...,X;f depends only on the constants c;,, and that exactly the same also holds 
true for the determination of all types of subgroups (cf. Theorem 33, p. and 
Chap. [16] p. 288]and[288). 

It is evident that the constants cjz, actually play the rdle of certain properties of 
the group X)f,...,X,f. For the totality of these properties, we introduce a specific 
terminology, we call them the composition [ZUSAMMENSETZUNG] of the group, and 
we thus say that the constants Cjxs in the relations: 


(1) [X;, Xi] = oY Cis Xs f 


determine the composition of the r-term group X,f,...,X,f. 


80. 


The system of the cj; which determines the composition of the r-term group 
X\f,...,X,f is in turn not completely determined. Indeed, the individual c;;,; re- 
ceive in general other numerical values when one chooses, in place of X1f,...,X-f, 
any other r independent infinitesimal transformations e; Xf +---+e,-X-f. 

From this, it follows that two different systems of c;,,; can represent, in certain cir- 
cumstances, the composition of one and the same group. But how can one recognize 
that this is the case? 

We start from the relations: 


(1) [Xi, X;] = y Ciks X;f (i,k=1--r) 
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which exist between r determined independent infinitesimal transformations 
Xif,...,X,f of our group. We seek the general form of the relations by which 
r arbitrary independent infinitesimal transformations 2) f,...,.2f of the group 
X\f,...,X,f are linked. 

If the concerned relations have the form: 


r 


(2) lee Pe = » oe Bf 


s=1 


then the system of the constants c’,, is the most general one which represents the 
composition of the group X,/f,...,X;f. Hence the thing is only about the computa- 
tion of the cj, 

Since 2) f,..., %f are supposed to be arbitrary independent infinitesimal trans- 
formations of the group X;f,...,X,, we have: 


Af = y hj X jf (k=1--r), 
j=l 


where the constants /;; can take all the possible values which do not bring to zero 
the determinant: 
D=y hy ++ Ayr. 


By a calculation, it comes: 
leer ler 
[aie | = y hij hex [Xj, Xn] = y hij hin CjnsXsf ; 
j,0 J, 1,8 


on the other hand, it follows from (2): 
leer 
EZ fl — y Ihre Cig Xf. 
1, S 


If we compare with each other these two expressions for |.2;, 2] and if we take 
account of the fact that X; f,...,X).f are independent infinitesimal transformations, 
we obtain the relations: 


r Jeep 
/ 
(3) y Nas Cikg = y hij hkn Cjns (s=1--r). 
m1 i, 
Under the Nd made, these equations can be solved with respect to the 
cl,» hence one has! 


| Implicitly here, one sees a standard way to represent the matrix which is the inverse of (h, i) 
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_ aD ! 
(4) Cilp = eM coe Y hihae fen 
(i,k, p=1-~7) 


With these words and according to the above, we have found the general form of 
all systems of constants which determine the composition of the group X1f,...,X;f. 
At the same time, we have at least theoretical means to decide whether a given sys- 
tem of constants Cz, determines the composition of the group X1 f,...,X;.f; namely, 
such a system obviously possesses this property if and only if one can choose the 
parameters h,; in such a way that Cis = Ciks. — 

If two r-term groups are given, we can compare their compositions. Clearly, 
thanks to the above developments, we are in a position to decide whether the two 
groups have one and the same composition, or have different compositions. Here, 
we do not need to pay heed to the number of variables. 


We say that two r-term groups which have one and the same composition are 
equally composed [GLEICHZUSAMMENGESETZT]. 


It: 
n a 
A= s Ci caangin) cf (iap 
i=1 Xj 
are independent infinitesimal transformations of an r-term group and if: 
if = > Mw O15 ++ .Ym) = — (k=1--r) 
H=1 Yu 


are independent infinitesimal transformations of a second r-term group, and in ad- 
dition, if there are relations: 


LX Xx] = y Cites Xo f 


then obviously, these two groups are equally composed when, and only when, 
amongst the infinitesimal transformations e, Y, f +---+e,Y,f of the second group, 
one can indicate r mutually independent transformations % f,...,Y%-f such that 
the relations: 


[%, Y,|= : Ciks Y, f 


hold identically. 
If the relations holding between Y, f,..., Y;f have the form: 


M- 
2 


Yi, ¥;| = Ciks Ys f, 


a 
lI 
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then we can say: the two groups are equally composed when and only when it is 
possible to choose the parameters h;; in the equations (4) in such a way that every 
Oe is equal to the corresponding Cix;. 

One can also compare the compositions of two groups which do not have the 
same number of parameters. This is made possible by the introduction of the general 
concept: isomorphism [ISOMORPHISMUS]. 

The r-term group X\f,...,X;f: 


[X;, X) = = CitsXsf 


is said to be isomorphic [isoMorpH] to the (r —q)-term group: Y\ f,...,Y;—gf when 
it is possible to choose r infinitesimal infinitesimal transformations: 


YRef =he Vi f +++ +he,r—qX-gf 
(=e) 
in the (r—4q) so that not all (r —q) x (r—q) determinants of the matrix: 


hyy- + Ay y—q 
hy a hyr—q 
and so that at the same time, the relations: 


[%, Y| = y Ciks Y, f 


hold identically 

Let there be an isomorphism in this sense and let %f,...,%f be already cho- 
sen in the indicated way. Then if we associate to the infinitesimal transformation 
e,X,f+---+e,-X,f of the r-term group always the infinitesimal transformation: 


eHft-- +e Hf 


of the (r— qg)-term group, whichever values the constants e;,...,e, may have, then 
the following clearly holds true: when Yj f is the transformation of the (r—q)-term 
group which is associated to the transformation =| f of the other group, and when, 
correspondingly, Y>f is associated to the transformation =, /f, then the transforma- 
tion [2), 2] always corresponds to the transformation [Y;, Y2]. We express this 
more briefly as follows: through the indicated correspondence of the infinitesimal 
transformations of the two groups, the groups are isomorphically related one to an- 


+ Cf. Volume IIL, Oj, p. 701, remarks. 
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other. Visibly, this isomorphic condition is completely determined when one knows 
that, to X; f,...,X;f, are associated the transformations % f,...,%-f, respectively. 

One makes a distinction between holoedric and meroedric isomorphisms. The 
holoedric case occurs when the number g, which appears in the definition of the 
isomorphism, has the value zero; the meroedric case when q is larger than zero. 
Correspondingly, one says that the two groups are holoedrically, or meroedrically, 
isomorphic one to another. 

Visibly, the property of being equally composed [DIE EIGENSCHAFT DES GLE- 
ICHZUSAMMENGESETZTSEINS] Of two groups is a special case of isomorphism; 
namely, two equally composed groups are always holoedrically isomorphic, and 
conversely. 

Two meroedrically isomorphic groups are for example the two: 


Of Of 20f of 
= 9 xX] >_ Xx] >= cae 
Ox) Ox] Ox] Ox2 
and: 
a af par 
dy’ dy” ayy! 
with, respectively, four and three parameters. We obtain that these two groups are 
meroedrically isomorphic when, to the four infinitesimal transformations: 


of of ». 2 af af . af 
Xf = Ox,’ Xof =x] Ox,” X3f =x} Ox,’ ue ays 
of the first, the following four, say, are associated: 
ra) ra) ra) 0 
ap=2L, wpay A, Hay Zt, mpi Zh 
Oy] Oy! Oy Oy 


In the theory of substitutions, one also speaks of isomorphic groups, although 
the notion of isomorphism happens to be apparently different from the one herd 
Later (cf. Chap. The Group of Parameters) we will convince ourselves that 
nevertheless, the concept of isomorphism following from our definition corresponds 
perfectly to the concept which one obtains as soon as one translates the definition 
of the theory of substitution directly into the theory of finite continuous groups. 

At present, we shall at first derive a few simple consequences from our definition 
of isomorphism. 

In the preceding chapter, we have seen that to every r-term group X,/f,...,X+f 
is associated a certain linear homogeneous group, the adjoint group, as we have 
named it. From the relations which exist between the infinitesimal transformations 
of the adjoint group (cf. Chap. [16] p.[283), it becomes immediately evident that the 
group X,f,...,X;f is isomorphic to its adjoint group; however, the two groups are 
holoedrically isomorphic only when the group X;f,...,X;f contains no excellent 


+ Camille JORDAN, Traité des substitutions, Paris 1870. 


302 17 Composition and Isomorphism 


infinitesimal transformation, because the adjoint group is r-term only in this case, 
whereas it always contains less than r parameters in the contrary case. Thus: 


Theorem 55. To every r-term group X\f,...,X;f is associated an isomorphic linear 
homogeneous group, namely the adjoint group; this group is holoedrically isomor- 
Dhic to the group X,f,...,X;f only when the latter contains no excellent infinitesi- 
mal transformation. 


We do not consider here the question of whether to every r-term group which contains excellent 
infinitesimal transformations one can also associate an holoedrically isomorphic linear homogeneous 
group. Yet by an example, we want to show that this is in any case possible in many circumstances, 
also when the given r-term group contains excellent infinitesimal transformations. 

Let the r-term group X,f,...,X;f contains precisely r — m independent excellent infinitesimal 
transformations, and let X,f,...,X,f be chosen in such a way that X,,4,f,...,X;-f are excellent 
infinitesimal transformations; then between X1/f,...,X;-f, there exist relations of the form: 


[Xu Xv] =CuviXif + + Cur Xref 
Xu, Xm+k] _ [Xm+k, Xm+j| =0 
(Ul, V=1--m;k, j=1--r—m). 


In the associated adjoint group E)/,...,E,f, there are only m independent infinitesimal transfor- 
mations: EF, f,...,Emf, while Eniif,...,£;f vanish identically, and hence E) f,...,E,f are linked 
together by the relations: 

[Eu, Ey| = Cuvi E\f+ aia +CuvmE mf. 


In particular, if all Cuym+1,--.,;Cyvr Vanish, one can always indicate an r-term linear homo- 
geneous group which is holoedrically isomorphic to the group X1/f,...,X;f. In this case namely, 
Xif,...,Xmf actually generate an m-term group to which the group FE) /f,...,Emf is holoedrically 
isomorphic. Hence if we set: 


re) re) 
Ensif = Cr+1 i a) E,f = €2r—m f 


>a. 2? 
0e2+—m 


then the r independent infinitesimal transformations: 


Exif; vsy Emf, Em+if, feng Ef 


obviously generate a linear homogeneous group which is holoedrically isomorphic to the group 
Xf,..., Xf. 

But also in the cases where not all Cy yim+41,---;Cuvr Vanish, one can often easily indicate an 
holoedrically isomorphic linear homogeneous group. As an example, we use the three-term group 
Xf, Xof, X3f: 

[X1, Xo] =X3f, [X1, X3] = [Xo, X3] = 0, 


which contains an excellent infinitesimal transformation, namely X3/f; it is holoedrically isomorphic 
to the linear homogeneous group: 


0 0 0 
E\ f = 0% — Ef=a sh, E3f = 0 — 


As we have seen in Chap.|9] p. [180] the constants cj, in the equations: 
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: 
(1) [X;, Xi] = d Cis Xof 


satisfy the relations: 
Ciks + Ckis = 0 


_ 
(5) > 1Cuycygs + Ck jv Cvis + Cjiv Cvks } =0 


v=1 
(i,k, j,s=1--r). 


With the help of these relations, we succeeded, in Chap. [14] p. to prove that 
the r infinitesimal transformations: 


leer Of 
6 BPaY apes ee 
(6) a De eink Fer (u=1--r) 


of the group adjoint to the group X1f,...,X;f stand pairwise in the relationships: 
(7) Buby) = by Cuvee). 


But for this proof of the relations (7), we have used no more than the fact that 
the cj; satisfied the equations (5), namely we have made no use of the fact that we 
knew r infinitesimal transformations X1f,...,X;f which were linked together by 
the relations (1). Thanks to the cited developments, it is hence established that the r 
infinitesimal transformations (6) always stand in the relationships (7) when the cigs 
satisfy the equations (5). 

Consequently, if we know a system of cjxz; which satisfies the relations (5), 
we can immediately indicate r linear homogeneous infinitesimal transforma- 
tions E, f,...,£;f, namely the transformations (6), which stand pairwise in the 
relationships: 


[E;, EAs i Cits Esf . 


It is evident that the so obtained infinitesimal transformations FE) f,...,E,f gen- 
erate a group, and to be precise, a group with r or less parameters; clearly, they 
generate a group with exactly r parameters only when they are mutually indepen- 
dent, hence when it is impossible that the equations: 


sikif+-:-+e,E-f =9, 


or the 7 equivalent equations: 


Bi Cjik + 82C ja +++ + BrC irk (Pk=1a2) 
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are satisfied by not all vanishing quantities g),...,9,. 
As aresult, we have the 


Theorem 52.[iI When the constants Cjxs (i,k, s=1+-r) possess values such that all re- 
lations of the form: 


Ciks + Ckis = 0 


P 
(5) y { City Cvjs + Ce jy Cvis + Cjiv Cvks } =0 


v=1 
(i,k, j, S=1--r) 


are satisfied, then the r linear homogeneous infinitesimal transformations: 


leer of 
Euf =) Cjukei Fe, (H=1--r) 
kj k 
stand pairwise in the relationships: 
r 
[Ei, Ex] = », Ciks Es f (i,k=1--r), 
s=1 


and hence, they generate a linear homogeneous group. In particular, if the cis, are 
constituted so that not all r x r determinants, the horizontal series of which have 
the form: 

|e jrk Cj2k +7" Cia (j,k=1--r), 


vanish, then E\ f,...,E,f are independent infinitesimal transformations and they 
generate an r-term group whose composition is determined by the system of the Cixs, 
and which contains no excellent infinitesimal transformation. In all other cases, the 
group generated by E, f,...,E,;f has less than r parameters. 


81. 


The results of the preceding paragraph suggest the presumption that actually, every 
system of cjzx; which satisfies the relations (5) represents the composition of a cer- 
tain r-term group. This presumption, corresponds to the truth [DIESE VERMUTHUNG 
ENTSPRICHT DER WAHRHEIT], for the following really hold¢? 


Proposition 1. /f the constants Cixs (i,k, s=1--r) possess values such that the rela- 
tions: 


+ LIE, Archiv for Math. og Nat. Vol. 1, p. 192, Christiania 1876. 
2 This is the so-called Third Fundamental Theorem of Lie’s theory, cf. Vol. III. 
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Ciks + Ckis = 0 


, 
(5) y leis Cy js + Civ Cvis + Cjiv Cost =0 


v=1 
(i,k, j, s=1--r) 


are satisfied, then there are always, in a space of the appropriate number of dimen- 
sions, r independent infinitesimal transformations Xf ,...,X;f which stand pair- 
wise in the relationships: 


Xi, Xi = Vo cinsXsf 
s=l 
and hence generate an r-term group of the composition Cjxs. 


For the time being, we suppress the proof of this important proposition, in order 
not to be forced to digress for a long while, and we will perform this proof only in 
the next volume. Of course, until then, we will make the least possible use of this 
proposition. 

From the Proposition 1, it results that the totality of all possible compositions of 
r-term groups is represented by the totality of all systems of cj,; which satisfy the 
equations (5). If one knows all such systems of c;x;, then with this, one knows at the 
same time all compositions of r-term groups. 

But now, as we have seen on p. there are in general infinitely many systems 
of cjxs Which represent one and the same composition; if a system of cjxs is given 
which represents a composition, then one finds all systems of ci, which represent 
the same composition by means of the equations (4), in which it is understood that 
the hy; are arbitrary parameters. Hence, when one knows all systems of cj,; which 
satisfy the equations (5), a specific research is yet required in order to find out which 
of these systems represent different compositions. In order to be able to execute this 
research, we must at first consider somehow more closely the equations (4). 

For the moment, we disregard the fact that the cj; are linked together by some 
relations; rather, we consider the c;z;, and likewise the Cig as variables independent 
of each other. On the basis of this conception, it will be shown that the equations (4) 
represent a continuous transformation group in the variables cjz;. 

In order to prove the claimed property of the equations (4), we will directly exe- 
cute one after the other two transformations (4), or, what is the same, two transfor- 
mations: 


r 1-7 
/ 
Y has Cen =) hij hen €jns 
m=1 J, 4 


(i,k, s=1--r). 


(3) 


To begin with, we therefore transfer the cj; to the City by means of the transfor- 


mation (3) and then the c’, to the c”,. by means of the transformation: 
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) 3 Digs Ci Cikn = y hi Pine, jms" 


In this way, we obtain a new transformation, the equations of which are obtained 
when the om are took away from (3) and (3’). It is to be proved that this new 
transformation has the form: 


1. 


a 
now " 
(3”) > ns Cikn — yh Min C! jms? 
m1 i, 


where the h” are functions of only the / and the h’. 
We multiply (3’) by hss and we sum with respect to s; then we receive: 


1---r 

/ 
Yi higsh so Cikg = y hi; Minh soCinss 
T,S 


J, 0,8 


or, because of (3): 


Leer 
/ 1 
» has so Cikx — : hi. i Meg hic hap Ctpo: 
1, S JR; €;p 


This is the discussed new transformation; it converts into (3”’) when one sets: 


: 
" ! 
hig = » has lso 
s=l 


As aresult, it is proved that the transformations (4) effectively form a group. 

Now, we claim that the transformations of this group leave invariant the equa- 
tions (5). 

Let cixs be a system of constants which satisfies the relations (5), hence according 
to Proposition 1, which represents the composition of a certain r-term group. Then 
as we know, the system of the c’,, which is determined by the relations (4) represents 
in the same way a composition, namely the same composition as the one of the 
system of the cjx;; consequently, the Ci also satisfy relations of the form (5). Thus, 
the transformations (4) transfers every system cjx; which satisfies (5) to a system 
c',, having the same constitution, that is to say, they leave invariant the system of 
equations (5), and this was just our claim. 

At present, we interpret the r° variables cj; as point coordinates in a space of r° 
dimensions. 

In this space, a certain manifold M which is invariant by the transformations of 
the group (4) is sorted by the equations (5). Every point of M—as we can say — 
represents a composition of r-term group, and conversely, every possible compo- 
sition of r-term group is represented by certain points of M. Two different points 
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of M represent one and the same composition when there is, in the group (4), a 
transformation which transfers the first point to the other. 

Hence, if P is an arbitrary point of M, then the totality of all positions that the 
point P takes by the transformations of the group (4) coincides with the totality of all 
points which represent the same composition as P. We know from before (Chap. [14] 
p. that that this totality of points forms a manifold invariant by the group (4), 
and to be precise, a so-called smallest invariant manifold. 

From this, it follows that one has to proceed as follows in order to find all different 
types of r-term groups: 

One determines all smallest manifolds located in M that remain invariant by the 
group (4); on each such manifold, one chooses an arbitrary point cjx;: the systems 
of values cjx; which belong to the chosen points then represent all types of different 
compositions of r-term groups. 

Since the finite equations of the group (4) are here, the determination of the small- 
est invariant manifolds has to be considered as an executable operation; it requires 
only the resolution of algebraic equations. 

We therefore have the 


Theorem 53. The determination of all essentially different compositions of r-term 
groups requires only algebraic operations. 


82. 


Now, let X, f,...,X;f be an r-term group G, of the composition: 
[Xi, X;] = y Ciks Xsf. 


Furthermore, let Y; f,...,Y,—¢f be an (r— q)-term group isomorphic to the G,, and 
to be precise, meroedrically isomorphic, so that g is therefore larger than zero. We 
want to denote this second group shortly by G,_ 

Let the two groups be, in the way indicated on p. and isomorphi- 
cally related one to the other; so in the G,_g, let r infinitesimal transformations 
MN f,...,Y%-f be chosen which stand in the relationships: 


[%, Y= y Ciks Def 


where % f,...,4%-—qf are mutually independent, whereas %,_741f,...,%f are de- 
fined by the identities: 


Y—gtkf = din Af +--+ +dg,r—q Mr—qf 


8 
we (k=1---4). 


Under the assumptions made, one obviously has: 
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lair, agit = oy dky Ny f| =0 


or: 


r r—q 
z { Sirmethe— » du cins} Bf =O. 


s=l u=1 


If we replace here Y%_941f,...,4%-f by their values (8), we obtain linear relations 
between % f,..., Y,_g J; but obviously, such linear relations can hold only when the 
coefficients of every individual % f,...,%—,f possess the value zero. 

From the vanishing of these coefficients, it follows that the rq expressions: 


rq 
x re. r- gat = : din ef ‘3 {Simao » dku cine b Xf 
s=1 uU=1 


can be linearly deduced from the q infinitesimal transformations: 
rq 

(9) Xy—g+kt — y dk Xuf (k=1---q). 
u=1 


Expressed differently: the g independent infinitesimal transformations (9) generate 
a q-term invariant subgroup of the group X,/,...,X;-f. 


Theorem 54. If the (r—q)-term group Yf,...,Y;—qf is isomorphic to the r-term 
group: X\f,...,X,f, and if “%f,...,%f are infinitesimal transformations of the 
(r—q)-term group such that firstly % f,...,%-—qf are mutually independent while 
by contrast, Y%,-941,-..,%f can be linearly deduced from Y f,...,%—qf: 


Y, sig f Say fo epg ead (tow), 
and secondly such that, simultaneously with the relations: 


[Xi, Xi] = y Ciks Xsf, 


the analogous relations: 


[%, Y.| = = Ciks wf 
hold, then the q infinitesimal transformations: 


Xp—gtkf — dia Xf — +++ — dk,r—gXr—gf (k=1---g) 


generate a q-term invariant subgroup of the group X\f,...,X,f. 
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The G;: X,f,...,X,f and the G,_g: Y f,...,¥-—¢f are, as we know, isomorphi- 
cally related when, to every infinitesimal transformation of the form: e; X;f+---+ 
e,X,f, we associate the infinitesimal transformation: 


r rq q 
Vae%Kf=y {ext be er-avidin Mf 
k=l = =i 


J= 


Through this correspondence, the transformations of the G, which belong to the 
q-term group (9) are the only ones which correspond to the identically vanishing in- 
finitesimal transformation of the G,_,. Consequently, in general, to every one-term 
subgroup of the G,, there corresponds a completely determined one-term subgroup 
of the G,_,, and it is only to the one-term subgroups of the group (9) that there 
correspond no one-term subgroups of the G,—,, for the associated one-term groups 
indeed reduce to the identity transformation. Conversely, to one and the same one- 
term subgroup h; 4% f +---+h;¢%-—gf of the G,_,, there correspond in total oo4 
different one-term subgroups of the G,, namely all the groups of the form: 


rq q rq 
yy A Xe f y Aj {Xr-etif y ain Xuf 
k=1 j=l u=l 


where Ay,...,A, denote arbitrary constants. 

Now, a certain correspondence between the subgroups of the G, and the sub- 
groups of the G,_, actually takes place. 

If m arbitrary mutually independent infinitesimal transformations: 


lr Xf +++ + lyr Xf (u=1--m) 
generate an m-term subgroup of the G,, then the m infinitesimal transformations: 
r r—-q q 
Le ue Mf = Ye {aut 2 Inr-avidn} HS 
k=l k=1 j=l 
(u=1--m) 


obviously generate a subgroup of the G,_,. This subgroup is at most m-term, and in 
particular, it is 0-term, that is to say, it consists of only the identity transformation 
when the m-term subgroup of the G; is contained in the qg-term group (9), and in 
fact clearly, only in this case. 

Conversely, if m’ arbitrary infinitesimal transformations: 


Ii Hf +--+ ly rg Mah (u=1--m! 


generate an m’-term subgroup of the G;_g: Y\ f,...,Y-—qf, then the m’ infinitesimal 
transformations: 


liXif +:+>+1p,r—gXr—gf (u=1--m’), 
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together with the g transformations: 


Xp—gtkt — de Xf — +++ — dk,r—qgXr—gf (k=1--4) 


always generate an (m’ + q)-term subgroup of the G,. 

From this, we see that to every subgroup of the G, corresponds a completely 
determined subgroup of the G,_, which, in certain circumstances, consists of only 
the identity transformation; and moreover, we see that to every subgroup of the 
G,—q corresponds at least one subgroup of the G,. If we know all subgroups of the 
G, and if we determine all the subgroups of the G,_, corresponding to them, we 
then obtain all subgroups of the G,_,. Thus, the following holds. 


Proposition 2. Jf one has isomorphically related an r-term group of which 
one knows all subgroups to an (r—q)-term group, then one can also indicate 
straightaway all subgroups of the (r — q)-term group. 


Let X,f,...,X;f, or shortly G,, be an r-term group of the composition: 
r 
Xi, Xi] = Vo cits Xsf. 
s=l 


We want to study what are the different compositions that a group meroedrically 
isomorphic to the G, can have. 

Up to now, we know only the following: If the G, can be isomorphically related to 
an (r—q)-term group, then there is in the G, a completely determined q-term invari- 
ant subgroup which corresponds to the identity transformation in the (r — q)-term 
group. Now, we claim that this proposition can be reversed in the following way: 
If the G, contains a q-term invariant subgroup, then there always is an (7 — q)-term 
group G;—, which is isomorphic to the G; and which can be isomorphically related 
to the G; in such a way that the g-term invariant group inside the G, corresponds to 
the identity transformatiort)| in the G,_g. 

For reasons of convenience, we imagine that the r independent infinitesimal trans- 
formations X)f,...,X;f are chosen so that X;_g41f,...,X;f generate the said in- 
variant subgroup. Then our claim clearly amounts to the fact that, in arbitrary vari- 
ables yj, y2,..., there are r infinitesimal transformations % f,...,%-f which sat- 
isfy the following two conditions: firstly, %—g41f,...,%f vanish identically, while 
XY f,...,Y%—qf are mutually independent, and secondly, the relations: 


(10) [A | Sens fee GS (i,k=1-~7) 


must hold identically. 

Since X;_g41f,...,Xrf generate a subgroup invariant in the G,, all cjg), Cix2, « «5 
Cik,r—q 1 which at least one of the two indices i and k is larger than r— gq, are 
equal to zero. Thus, if in the relations (10), we set equal to zero all the infinitesimal 


3 The notion of quotient group will in fact not come up here; instead, Lie uses Proposition 1 above. 
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transformations %_,,1f,...,Y%-f, then all relations for which not both i and k are 
smaller than r— q+ 1 will be identically satisfied, and we keep only the following 
relations between 4 f,...,%—gf: 


(11) [H, WH] = cn AS +o: + Cire Bef (i,k=1-+-r—q). 


So, we need only to prove that there are r — g independent infinitesimal trans- 
formations % f,...,2%— f which are linked together by the relations (11), or, what 
is the same: that there is an (r — qg)-term group, the composition of which is repre- 
sented by the system of the constants Cig, (i,k, s=1--r—q). 

In order to prove this, we start from the fact that, for i,k, j = 1,...,7—q, the 
Jacobi identity: 


[[Xi, Xe], Xj] + [[Xe, Xj], Xi] + [[Xj, Xi], Xe] = 0, 
holds, and it can also be written as: 


rq 
{cu lX Xi] enn Xd + celXi al} 
u=1 


q 
=) X--gtaf Cik,r—g+aX jf + Ckj,r—qta Xif + Cji,r—gtaXkf | -~ 
m=1 


If we develop here the left-hand side and if we take into consideration that the 
coefficients of X)f,...,X;—qf must vanish, we obtain, between the constants cjxs 
which appear in (11), the following relations: 


rq 
y { cin Cujv + Ckju Cuiv + Cjip curv } =0 
H=1 

(i, k, J; v=l ““1r—q). 


These relations show that the cjxs (i,k, s=1--r—q) determine a composition in the 
sense defined earlier on. As was observed on p. there surely are (r —q)-term 
groups the composition of which is determined by the cigs (i,k, s=1-+-r—q). 

As aresult, the claim stated above is proved. If we yet add what we already knew 
for a while, we obtain tha! 


Proposition 3. /f one knows all invariant subgroups of the r-term group X,f,...,X;f: 
r 
[Xi, X;| = y Cine Xe} 
s=l 


then one can indicate all compositions which a group isomorphic to the group 
X,f,...,X,f can have. 


+ We will show later that the cited Proposition 1, p. is not at all indispensable for the developments of the text. 
Cf. LIE, Archiv for Math. og Nat. Vol. 10, p. 357, Christiania 1885. 
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In order to really set up the concerned compositions, one must proceed as follows: 
If the g > 0 independent infinitesimal transformations: 


Sui Xif t+: + gurXrf (w=1--q) 


generate a g-term invariant subgroup of the group: X,f,..., Xf, or shortly G,, then 
one sets: 
gui Af+---+epr%f =0 (u=1-+q), 


one solves with respect to q of the r expressions % f,...,%-f, and one eliminates 
them from the relations: 


%, Wl =V. cits Be 
s=1 


Between the r — q expressions remaining amongst the expressions % f,...,Y%-f, 
one then obtains relations which define the composition of an (r — q)-term group 
isomorphic to the G,. If one proceeds in this way for every individual subgroup of 
the G,, one obtains all the desired compositions. 

Since every group is one’s own invariant subgroup, it follows that to every r-term 
group G; is associated a meroedrically isomorphic group, namely the group which 
is formed by the identity transformation. If the G, is simple (cf. Chap. [15] p. (273), 
then the identity transformation is evidently the only group which is meroedrically 
isomorphic to it. 


83. 
In this paragraph, we consider an important case in which groups occur that are 
isomorphic to a given group. 

Let the r-term group: 


n Of 
Xf = Yo Eki (ai, +. %n) =— (k=1--r) 
i=1 Oxi 
of the space x;,...,x, be imprimitive, and let: 
tj (X1,..+,%,) = CONSE, 2.5 Wyig(X1,.++)%_.) = Const. 


be a decomposition of the space into oo” 4 g-times extended manifolds invariant by 


the group. 
According to Chap. [7/and to Chap. [13] p. [229] the n — gq mutually independent 
functions u,...,U,—g Satisfy relations of the form: 


Xp uy = Opy (U1,.+-Un—g) (k=1--r; V=1--n—q), 


hence the r expressions: 
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n—q n—q a f 
y Xx Uy -_ y Oy (U1, :Un—q) =Xif 
7] Ou 
v=1 v v=1 Vv 
(kK=1---r) 
represent as many infinitesimal transformations in the variables u1,...,u,—,. We 


claim that X;f,...,X,f generate a group isomorphid4 to the group Xi f,...,X,f. 
For the proof, we form: 


= = 7] 
u (X; Oy — Xk Qiy) an 
a = 


(Xj Oy — X; iy) a ; 
v 


Xj(Xx(f)) —Xe(Xi(f)) = 


now, we have: 


Xi(Xe(f)) —Xe(Xi(f)) = ¥, cits Xef 
s=l1 


or, when we insert wy in place of f: 


Ie r 
Xj Oxy — Xp Wiy = Y° Cis X suv = YV Cis Osv, 


s=1 s=1 


hence, after inserting the found values of X; My — X; jy, it comes: 


Uy’ 


—_— ae a) fo 
Xi(Xi(f)) — —~X,(X =e re Ciks Osv 
or, what amounts to the same: 
[Xi, X= 3 Ciks Nad 


But this is what was to be proved. 

The group X1f,...,X;,f has a very simple conceptual meaning. 

From the definition of imprimitivity, it follows that the totality of the oo” 4 man- 
ifolds uj = const., ..., U,—g = const. remains invariant by the group X/f,...,X,f, 
hence that the oo”? manifolds are permuted by every transformation of this group. 
Consequently, to every transformation of the group X;f,...,X;,f, there corresponds 
a certain permutation of our co”? manifolds, or, what is the same, a transformation 
in the n — q variables uj,...,Uy—g. It is clear that the totality of all the so obtained 


4 This notion of reduced group X,f,...,X,f appearing just now is central in the general algorithm, devised by LIE 
and developed later in Vol. III, towards the classification of all imprimitive transformation groups, and it also unveils 
appropriately the true mathematical causality of the nowadays seemingly unusual notion of isomorphism which was 
introduced earlier on, p.[300] 
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transformations in the variables u form a group, namely just the group which is 
generated by Xi f,...,X7f. 

Naturally, the group X;f,...,X,f needs not be holoedrically isomorphic to the 
initial group, but evidently, it is only meroedrically isomorphic to it when, amongst 
the infinitesimal transformations e, X;f +---+e,X,f, there is at least one which 
vanishes identically without e;,...,e- being all zero, hence when at least one 
amongst the infinitesimal transformations e; X; f +---+e,-X,f leaves individually 
invariant each one of our co”? manifolds. 

Thus, we have the 


Proposition 4. /f the r-term group X,f,...,X;f of the space x|,...,Xn is imprimitive 
and if the equations: 


1 (X1,.+.5%,) =Const., ..., Wy—g(X1,+.+, Xn) = const. 


represent a decomposition of the space in "4 q-times extended manifolds, then 
the infinitesimal transformations: 


n—q n—q af = 
L X;Uy a Xu Wry (U1,.--,Un—g) Fi = Xif 
(k=1--r) 
in the variables uy, ...,Un—q, generate a group isomorphic to the group X\f,...,Xrf 


which indicates in which way the "4 manifolds are permuted by the transfor- 
mations of the group X,f,...,X;f. If, amongst the infinitesimal transformations 
e,X,f+---+e,-X;,f, there are exactly r—p independent ones which leave individ- 
ually invariant each one of the e"~4 manifolds, then the group X\ f,...,X;f is just 
p-term. 


Using the Theorem 54, p. we yet obtain the 


Proposition 5. [f the group X,f,...,X;f of the space x,,...,Xn is imprimitive and 


if: 


Mi (Ai; 2<25 An) = CONS, 2224 Up=gl Ki y-c<5.%n) = COM. 


is a decomposition of the space in "4 q-times extended manifolds, then the totality 
of all infinitesimal transformations e; X\f +---+e,-X;f which leave individually 
invariant each one of these manifolds generates an invariant subgroup of the group 


Mi fave): 


At present, we consider an arbitrary r-term group X1f,...,X;f which leaves in- 
variant a manifold of the space x1,...,Xp. 

According to Chap.[14] p. the points of this manifold are in turn transformed 
by a group, the infinitesimal transformations of which can be immediately indicated 
when the equations of the manifold are in resolved form. Indeed, if the equations of 
the manifold read in the following way: 


§ 83. 315 
Xx, = Qj CRietiies . Kn) sey Xn—m >= (a eee ae o Pena 


and if X,—m+1,---;X, are chosen as coordinates for the points of the manifold, then 
the infinitesimal transformations of the group in question possess the form (cf. 


Chap. [14] p.[240): 
Of 


m 
Xif = a Cen Pls ++) Qn—m; Xn—m+15-+- Xn) De aa. 

u=l Xn—m+uU 
(k=1--r). 


What is more, as we have already proved at that time, the following relations 
hold: ‘ 
Xi, Xe] = Vo cits X sf. 
s=1 
From this, we see that the group X,f,...,X;f is isomorphic to the group 


Xi f,...,X,f; in particular, it is meroedrically isomorphic to it when, amongst the 
infinitesimal transformations: 


erXift-:-+e,X-f, 


there is at least one transformation which vanishes identically, so that at least one 
amongst the infinitesimal transformations e; X; f +----+ e,X;f leaves fixed every 
individual point of the manifold. 

We can therefore complement the Theorem 40 in Chap. [14] p.[239]as follows: 


Proposition 6. [f the r-term group X,f,...,X;f in the variables x,...,X, leaves 
invariant the manifold: 


x1 = Qj Coma ee o Xa, sey Xn—m = Or ees oa tal: 


then the reduced infinitesimal transformations: 


_ m af 
Xif — », Cen P1 ++) Dn—m, Xn—m4+15++> on Ten 
H=l Xn—m+U 
(k=1---r) 
in the variables Xn—m+1,---,Xn generate a group isomorphic to the r-term group 


which indicates in which way the points of the manifold are permuted by the trans- 
formations of the group X,f,...,X;f. If, amongst the infinitesimal transformations 
eX, f+---+e,X-_f, there are exactly r—p independent ones which leave invariant 
every individual point of the manifold, then the group X, f,...,X,f is just p-term. 


In addition, the following also holds true. 


Proposition 7. If the r-term group X,f,...,X;f of the space x,,...,Xn leaves in- 
variant a manifold, then the totality of all infinitesimal transformations e, X\f + 
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---+e,X,f which leave fixed every individual point of this manifold generate an 
invariant subgroup of the r-term group. 


Let: 


n of 
Xf = L CH Miywangen) ae ets) 


be an r-term intransitive group of the Ry, and one which contains only a discrete 
number of invariant subgroups. 
The complete system which is determined by the equations: 


Xif =0, +... X%f=0 


is g-term under these assumptions, where g < n, and it possesses n — q independent 
solutions. Hence we can imagine that the variables x;,...,x, are chosen from the 
beginning in such a way that xj41,...,X, are solutions of the complete system; if 
we do this, then because € 94; = X¢Xq+j, all €¢.941,---5 Er Vanish. 

Evidently, each one of the oo” 4 q-times extended manifolds: 


Xg+1 = a9+1, s+) In =n 


remains now invariant by the group X,/f,...,X;.f; but their points are permuted and 
according to Chap. [14] p. by a group. If we choose x1,...,%g as coordinates 
for the points of the manifold, then the infinitesimal transformations of the group in 
question will be: 


_ q of 
Xf = » Ski(X15 +++ »Xqy Agt1s+++s4n) OX; 
i=l ' 


(k=1--r) 


Whether this group is r-term or not remains temporarily uncertain, and in any 
case, it is isomorphic to the group X)f,...,X;-f. 

If the group X1f,...,X,f if p-term (p <r), then the group X1 f,...,X,f contains 
an (r — p)-term invariant subgroup which leaves fixed every individual point of 
the manifold x74) = dg+1,..-,Xn = Gm (cf. Propositions 6 and 7). This invariant sub- 
group cannot change with the values of ag+1,...,@n, since otherwise, there would be 
in the group X; f,...,X,,f a continuous series of invariant subgroups, and this would 
contradict our assumption. Consequently, there exists in the group X)f,...,X;f an 
(r— p)-term invariant subgroup which leaves fixed all points of an arbitrary mani- 
fold amongst the oo” 4 manifolds: 


Xg+l = 4q4ls +++ An = An, 


hence which actually leaves fixed all points of the space x;,...,x,. But now, the 
identity transformation is the only one which leaves at rest all points of the space 


References 317 


X1,..-,;Xp, SO one has r— p = 0 and p =r, that is to say: the group X,f,...,X;f is 
holoedrically isomorphic to the group X,f,...,X-f. 
As a result, the following holds true. 


Proposition 8. /f X, f,...,X;f are independent infinitesimal transformations of an 
r-term group with the absolute invariants Qy(X1,...,Xn), «++, Qn—q(X15+++,Xn), and 
if there is only, in this group, a discrete number of invariant subgroups, then the 
points of an arbitrary invariant domain: Q, = aj, ..., Qn—q = 4n—q are transformed 
by a group holoedrically isomorphic to the group X,f,...,X,f. 
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Chapter 18 


Finite Groups, the Transformations of Which 
Form Discrete Continuous Families 


So far, we have only occupied ourselves with continuous transformation groups, 
hence with groups which are represented by one system of equations of the form: 


= FF Migsc Mig Giszsastz) (i=1+--n). 


In this chapter, we shall also treat briefly the finite groups which cannot be repre- 
sented by a single system of equations, but which can only represented by several 
such systems; these are the groups about which we already made a mention in the 
Introduction, p. 
Thus, we imagine that a series of systems of equations of the form: 
(1) x = fl (igsoiatny a”)... a) (i=1-+n) 
(k=1,2+) 


is presented, in which each system contains a finite number 7; of arbitrary param- 
eters al”), as al), and we assume that the totality of all transformations which are 
represented by these systems of equations forms a group. 

Since each one of the systems of equations (1) represents a continuous family of 
transformations, our group consists of a discrete number of continuous transforma- 
tions. It is clear that every continuous family of transformations of our group either 
coincides with one of the families (1), or must be contained in one of these fami- 
lies. Of course, we assume that none of the families (1) is contained in one of the 
remaining families. 

It is our intention to develop the foundations of a general theory of the sorts of 
groups just defined, but for reasons of simplicity we will introduce a few restric- 
tions, which, incidentally, are not to be considered as essential. 

Firstly, we make the assumption that the transformations of the group (1) are 
ordered as inverses by pairs. Hence, although the transformations of the family: 


xi = f emia al),...,a) (i=1---n) 


+ LIE, Verhandlungen der Gesellschaft der Wissenchaften zu Christiania, Nr. 12, p. 1, 1883. 
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are not already ordered as inverses by pairs, the totality of the associated inverse 
transformations is supposed to form a family which belongs to the group, hence 
which is contained amongst the families (1). 

Secondly, we assume that the number of the families (1) is finite, say equal to m. 
However, when the propositions we derive are also true for infinitely many fami- 
lies (1), we will occasionally point out that this is the case. 


84. 


To the two assumptions about the group (1) which we have made in the introduction 
of the chapter, we yet want to temporarily add the third assumption that all families 
of the group should contain the same number, say r, of essential parameters. In the 
next paragraph, we show that this third assumption follows from the first two, and 
hence is superfluous. 
Let: 
xh =f (a1, ... Xn A1y-- Ar) (i=1---n) 


be one of the m families of 0” transformations of which our group consists, so k is 
any of the numbers 1,...,m. 

By resolution of the equations written above, we obtain a family of transforma- 
tions: 


(Kays / ; 
= 0 Mise) (i=1---n) 


which, under the assumptions made, equally belongs to the group. 
Therefore, when the two transformations: 
k 
Kj = FI Mad iat, Bisnso ye) 


I 


(i=1---n) 
x! = fC... tns ay +hy,...,a>+hry) 


are executed one after the other, it again comes a transformation of our group, 
namely the following one: 


Q z= Ff (FY (x',a),..., FY (0), ay +hy,...,ar+hr,) (i=1-7). 

Here, we expand the right-hand side with respect to powers of /1,...,4, and we 
find: tk) 

r OF 
x! =f (FO,a),a) + ¥ hy a] fees, 
j=l aj x=F (")(x',a) 
where all the left out terms in /,,...,/, are of second order and of higher order. But 
if we take into account that the two transformations: 
= FY) (4 a), i= Ff (x, a) (i=1---n) 


are inverse to each other, and if in addition, we yet set for abbreviation: 
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Of, k 

(3) E | a ae ince), 
ay x=F\") (x!,a) 
then we see that the transformation just found has the shape: 
(4) ait Yan at — Gat~m, 
j=l 
It is easy to see that there are no functions 7;(a),...,7%,(a) independent of 

X/,--+,X, Which satisfy the n equations: 

yn ‘(Giscg aa, G, a)y=0 (i=1---n) 


identically, without vanishing all. Indeed, if one makes the substitution x/, = 
k ; ; ' : 
fs Mx, a) in these equations, one obtains the equations: 


r af” (x,a) 
4. — =0 i=leon 
dna oe (i=1--n), 
which must as well be satisfied identically; but according to Chap. [2] Theorem[2.2] 
p. this is impossible, because the parameters a),...,a; in the transformation 


: k : 
equations x) = f' \(x,a) are essential. 
From this, we conclude that the r infinitesimal transformations: 


. (kK) poy ! Of 
(>) Y ji (X15-+- Yas Ayr) 3G (j=1-r) 
i=l i 
are always mutually independent when q),...,a; is a system of values in general 
position. 
By ay ...,a°, we want to understand a system of values in general position and 


we want to set: (1) 

Nii eg a’) — aCe a os 
by conferring the special value | to the number k. We will show that all infinites- 
imal transformations (5) can be linearly deduced from the r mutually independent 
infinitesimal transformations: 


/ - / / of 
Xif= Ye bail, a) Aye (j=1--7), 
1= 
whichever value k can have as one of the integers 1, 2, ..., m and whichever value 


a1,...,d, can have. 
The proof here has great similarities with the developments in Chap. [4] p. [85]sq. 
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We execute two transformations of our group one after the other, namely at first 
the transformation: 


(6) Hy =A t Ye) njSyle’) +--- ee 
j=l 


which results from the transformation (4) when one sets k = 1 and aj = a’, ee 
i= a: and afterwards, the transformation: 


- k 
xf ax + Y pynfP (a) +. ans. 
j=! 


which, likewise, possesses the form (4). In this way, we obtain the following trans- 
formation belonging to our group: 


xf =x t V npSulx') + YV pin a+ 
i jt 
(i=1---n), 


where the left out terms are of second order and of higher order in the 27 quantities 
hijs-22g Nps Pl,-++5Pr- 

Disregarding the a, the 2r arbitrary parameters /1,...,h;, P1,...,P,- appear in the 
latter transformation, whereas our group can contain only transformations with r es- 
sential parameters. From the Proposition 4 of the Chap. |4 p. it therefore results 
that, amongst the 27 infinitesimal transformations: (5) and Xy f,...,X/f, only r can 
be in existence that are mutually independent. But because X}f,...,X/f are mutu- 
ally independent, the infinitesimal transformations (5) must be linearly expressible 
in terms of po D _ P64 for all values 1, 2, ..., m of k and for all values of the a. 

At present, thanks to considerations analogous to those in Chap. ?? [rin2?], we 
realize that identities of the form: 


i=1 m=1 
(k=1--m; j=1--r) 
hold, where the yw are completely determined analytic functions of a1, ...,d,. 
Lastly, if we remember the equations (3) which can evidently also be written as: 
(k) 
k) 7 plk k Of; ’(x,a) 
aC (x,a),. : fs (x,a), aj,--- ie) = ta: ° 
y 


and if we compare these equations to the identities: 
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(7) 


(k) 


The functions €,; here are independent of the index k, but by contrast, the y; 


Ja 
are not. 
Thus, we have the 
Theorem 55. Jf the m systems of equations: 
d= ft (Ticzsatep its 5dr) (i=1---n) 
(k=1---m), 
in each of which the r parameters a,,...,a; are essential, represent all transforma- 


tions of a group (and if at the same time, all these transformations can be ordered 
as inverses by pairs)", then there are r independent infinitesimal transformations: 


n P) 
Xif = Y Gylers.--sm) SE (ee 
i=l 1 


which stand in such a relationship to the group that each family: 


k 
v= fi Moti ce oq 3bis Bipsse sp) (i=1--n) 


satisfies differential equations of the form: 


ee) 
(i=1--n; j=1--r). 


From this, it follows at first that, according to the Theorems 21, p. and 24, 
p. the r infinitesimal transformations X1/f,...,X;f generate an r-term group. 
Furthermore, it is clear that the Theorem 25 in Chap.[9] p.[I7I finds an application 
(k) 


a k : 
to each one of the families x} = f' (x, a): every transformation x; = f;"’(x,a) whose 


parameters a1,...,q, lie in a certain neighbourhood of @,...,a, can be obtained by 


: see ie, = : 
executing firstly the transformation x; = fi Nox, da) and afterwards, a certain trans- 
formation of the r-term group X1f,...,X;-f. 


¥ As one easily realizes, the Theorem 55 still remains correct when the words in brackets are crossed out. (Compare 
to the developments of the Chaps. B][4]and[9]) 
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Now, since our group contains all transformations of the form (6): 
r 
att DY nya) te Gato 
j=l 


and since one of these transformations is the identity transformation, namely the one 
with the parameters h; = 0, ..., h- =0, then the identity transformation must occur 


in one of the families x; = Ff (x,a). Consequently, one amongst these families is 
just the r-term group X1f,...,X,. Of course, this is the only r-term group generated 


by infinitesimal transformations which is contained in the group x; = Ff (442). 
As a result, we have gained the following theorem: 


Theorem 56. Every group: 


having the constitution indicated in the preceding theorem contains one, and only 
one, r-term group with transformations inverse by pairs. This r-term group is gen- 
erated by the infinitesimal transformations Xf ,...,X;f defined in the previous the- 
orem, its ce" transformations form one of the m families x’, = pf (x,a) and in addi- 
tion, they stand in the following relationship with respect to each one of the remain- 


ing m—1 families: If X; = Ff (x,@) is an arbitrary transformation of the family 
x= Ff (x,a), then every other transformation of this family whose parameters 


a,...,a, lie ina certain neighbourhood of @,,...,d; can be obtained by executing 


firstly the transformation X; = Ff (x, a), and afterwards, a certain transformation 
x, = @;(X1,---,Xn) of the r-term group X,f,...,Xrf. 


For example, we consider the group consisting of the two families of oo! trans- 
formations that are represented by the two systems of equations: 


x’ =xcosa—y sina, y’ =xsina+ycosa 


x’ =xcosa+ysina, y’ =x sina—y cosa. 
For the two families, one obtains by differentiation with respect to a: 


dx’ ! dy’ ! 
a ay 


re 2 da’ 


) mentioned in the Theorem 55 are 


so that in the present case, the functions y; 
independent of the index k. 

The first one of the above two families is a one-term group which is generated by 
the infinitesimal transformation yd f/dx —xdf/dy. The general transformation of 


the second family will be obtained when one executes firstly the transformation: 
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and afterwards the transformation: 


x =Xcosa—YJ sina, y' =Xsina+ycosa 


of the one-term group yd f/dx —x0f/dy, hence the general transformation of the 
first family. — 

It should not remain unmentioned that the two Theorems 55 and 56 also remain 
yet valid when the concerned group consists of an infinite number of discrete con- 
tinuous families which all contain the same number of essential parameters. — 


Before we go further, yet a few not unimportant remarks. 
Let: 


He = fURy<<04 Xa Hives .oQ) (i=1--n) 


be an r-term continuous group which does not contain the identity transformation. Then according to 
Theorem 25, Chap.[9] p.[171] there is an r-term group X\f,...,X;,f with the identity transformation 
and with pairwise inverse transformations which stands in the following relationship to the group 
x = fi(x,a), or shortly 6: If one executes at first a transformation X; = f;(x,@) of 6 and afterwards 
a transformation: 


; 
x=%i+ de e.Xxit (i=1---n) 


of the group X,f,...,X,f, then one always obtains a transformation of 6. 

At present, one can easily prove that one then also always obtains a transformation of 6 when 
one firstly executes a transformation of the group X,f,...,X;f and afterwards a transformation of 
the group 6. We do not want to spend time in order to produce this proof in details, and we only 
want to remark that for this proof, one may employ considerations completely similar to those of 
Chap.[4](Cf. Theorem 58). 

Now, if we take together these two relationships between 6 and the group X,f,...,X;f and in 
addition, if we take into account that we have to deal with two groups, then we realize immediately 
that the transformations of the group 6 and of the group X1f,...,X;,f, when combined, again form 
a group, but to be precise, a group the transformations of which cannot be ordered as inverses by 
pairs. 

At present, we also attract in the circle of our considerations yet the family of the transformations: 


/ : 
X; = Fi(x1,..-,%n, Q1,---,4r) (i=1-~n) 


which are inverses of the transformations x = fi(x,a). According to Theorem 2!] ((I]], p. 19), this 
family of transformations also forms a group, that may be called 6’. We shall show that the trans- 
formations of the three groups 6, 6’, X,f,...,X,f, when taken together, form again a group, and 
naturally, a group with pairwise inverse transformations. 

Let T be the general symbol of a transformation of 6, whence T~! is the general symbol of a 
transformation of 6’; by S, it will always be understood a transformation of the group X\ f,...,X,-f. 

We already know that all transformations T and S taken together form a group and that the trans- 
formations T~! taken for themselves do the same. From this, we realize the existence of relations 
which have the following form: 


' This theorem simply states that if transformation equations x; = f(x,a) are stable by composition, the same holds 


for the inverse transformations x; = F;(x’,a) modulo possible shrinkings of domains. 
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—l 7-1 ll 
Ta Tp =Ty, Sa Su = Sy, Tp Le =T, 
Ta Sa = Th, Sy To, = Tp. 


We can also write as follows the second series of these relations: 


1 1 1 1 1 1 
[i =: Ew Sr. 


Now, since the group of the S consists of pairwise inverse transformations, it is immediately clear 
that the 7~! together with the S form a group. Moreover, we have: 


Ta TS Si, 
= = = 
Il, =Tay 8 SS, 


and therefore, the totality of all S, 7, 7~! also forms a group. 
With these words, the promised proof is brought: the transformations of the three groups 6, 6’, 
Xi f,...,X,f form a group together, and naturally, a group with pairwise inverse transformations. 


85. 


At present, we take up a standpoint more general than in the previous paragraph. We 
drop the special assumption] made there and we only maintain the two settlements 
which were done in the Introduction. 

Thus, we consider a group G which consists of m discrete families with, respec- 
tively, 7}, 72, ..., “m essential parameters and which, for each one of its transfor- 
mations, also contains the inverse transformation. We will prove that the numbers 
r|,12,..., mare all mutually equal. Then from this, it follows that the assumption: 
r| = 12 = ++: =Tm made in the previous paragraph was not a restriction. 

We execute two transformations of the group one after the other, firstly a trans- 
formation: 

a = f(x... an Cigna) (i=1-~n) 


of a family with 7; parameters, and secondly a transformation: 
” Ji / ; 
Xj = FP say Diss Bry) (i=1---n) 


of a family with r; parameters. 
In this way, we find a transformation: 


xf =f (f(a), fh (a), Biy--5Br,) 


which belongs to our group and which formally contains r; +r; arbitrary parame- 
ters. Now, if the largest number amongst the numbers 71, r2, ..., 7 has the value r, 
then amongst these r; + r; arbitrary parameters, there are no more than r which are 
essential, but also no less essential ones than what indicates the largest of the two 
numbers r; and r;. So in particular, if both numbers r; and rj; are equal to r, then the 
last written transformation contains exactly r essential parameters. Consequently, 


2 (i.e. the third one) 
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all families of our group which contain exactly r essential parameters already form 
a group I” when taken together. 

Now, we can immediately apply the Theorem 56 of the previous paragraph to the 
group I’. From this, we see that I” and hence also G contains an r-term group: 


SF iysceMis Biyn cane (i=1+--n) 


which is generated by r independent infinitesimal transformations. Thus, if we at 
first execute the transformation x; = f;(x,a) and then the transformation: 


(8) wf = fang thy Biyene Br), 


we obtain again a transformation of the group G, namely the following one: 


(9) x! = fi (f,(x,a), --- fal%,@), B1,---Br,) eee 


Of the r+ rj; parameters of this transformation, exactly r are essential, so the 
equations just written represent a continuous family of oo” transformations of the 
group G. But since the group x; = f;(x,a) contains the identity transformation, there 
are special values of the parameters a1,...,a,; for which the functions f1(x,a),..., 
fn(x, a) reduce to x1,...,X,, respectively. Consequently, the family of the oo”/ trans- 
formations (8) is contained in the family of the oo” transformations (9). According 
to the remarks made in the introduction of the chapter, this is possible only when 
the two families coincide, hence when r; is equal to r. 

As a result, it is proved that the numbers 71, 72, ..., “m are all really equal one to 
another. Consequently, we have the 


Theorem 57. /f a group whose transformations are pairwise inverse one to another 
consists of m continuous families of transformations and if each one of these fami- 
lies contains only a finite number of arbitrary parameters, then the families all have 
the same number of essential parameters. 


Besides, this theorem still remains valid also when the number of the families of 
which the group consists is infinitely large, when each one of these infinitely many 
families contains just a finite number p, of arbitrary parameters and when at the 
same time, amongst all the numbers p,, a largest one is extant. 


86. 


As up to now, let G consist of m discrete, continuous families of co” transformations; 
in addition, we assume that the transformations of G are mutually inverse by pairs. 

According to the Theorem 57 in the preceding paragraph, there is in the group 
G one and only one r-term group generated by r independent infinitesimal transfor- 
mations. Now, if S is the symbol of the general transformation of this r-term group 
and T is the symbol of an arbitrary transformation of G, then in the same way: 


TST 
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is the symbol of the general infinitesimal transformation of an r-term group gen- 
erated by infinitesimal transformations. Since this new group is contained in G, it 
must coincide with the group of all S; according to the terminology [TERMINOLOGIE] 
introduced in the Chap.[15] p.[269] we can also express this as: the discussed r-term 
group remains invariant by every transformation 7. Thus the following holds true. 


Theorem 58. Jf a group G with pairwise inverse transformations consists of several 
families of transformations, then the largest group generated by infinitesimal trans- 
formations which is contained in G remains invariant by every transformation of 
G. 


From this theorem, it comes how one can construct groups which consist of sev- 
eral continuous families of oo” transformations. 

Let X,f,...,X;f be an r-term group in the variables x,,...,x, and let again S$ be 
the symbol of the general transformation of this group. 

Now, when a group with pairwise inverse transformations contains all transfor- 
mations of the r-term group X,/f,...,X;f, and in addition yet contains a finite num- 
ber, say m—1, of discrete families of oo” transformations, then in consequence of 
Theorem 56, p. it possesses the form: 


(10) TS TS: nce Teas 


Here, 7) means the identity transformation and 7),...,7j,—-1 are, according to 
the last theorem, constituted in such a way that their totality leaves invariant all 
transformations S. This property of the 7) expresses analytically by the fact that for 
every transformation S; of the group X,f,...,X;,f, a relation of the form: 


[ Sess 


exists, where the transformation S; again belongs to the group X)f,...,X,f. Inci- 
dentally, such a relation also holds true when v is equal to zero, for indeed one then 
has S$ k= S yr 

Since 7,,...,Zjn—1 themselves belong to the transformations (10), the totality of 
all transformations (10) can then be a group only when all transformations 7,, Ty 
also belong to this totality. Hence, aside from the above relations, the 7; must also 
satisfy yet relations of the form: 


Ty Ty = Tx Sr, 
where pt and v denote arbitrary numbers amongst the numbers 1, 2, ..., m—1, 
while z runs through the values 0, 1, ..., m— 1. If one the numbers p, v, say L, 


is equal to zero, then actually, there is already relation of the form indicated, since 
indeed 7; = Ty and S; is, just as 7p, the identity transformation. 

On the other hand, if the transformations 7, possess the properties indicated, then 
for all values 0, 1, ..., m—1 of the two numbers wy and Vv, there exist relations of 
the form: 
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Ty Sx Ty Si = Ty Ty S;S) — Tr S75; Si = Tr Sp, 


and therefore, the totality of all transformations (10) forms a group. It is easy to see 
that in any case and in general, the transformations of such a group order as inverses 
by pairs. 

At present, it is yet to be asked how the transformations 7, must be constituted 
in order that the m families (10) are all distinct from each other. 

Obviously, all the families (10) are distinct from each other when no transforma- 
tion of the group belongs simultaneously to two of these families. On the other hand, 
if any two of these families, say: 7, S and 7S, have a transformation in common, 
then they are identical, because from the existence of a relation of the form: 


Ty Sx = T, S;, 


it immediately follows: 
Ome Gan ae 
hence the family of the transformations 7y S has the form: 


TiSes, 5. 


that is to say, it is identical to the family: 7, S. 

Thus, for the m families (10) to be distinct from each other, it is necessary and 
sufficient that no two of the transformations 7p, 7), ..., Tj,—1 be linked by a relation 
of the form: 

Ty = TS; (VAL). 

We summarize the gained result in the 


Theorem 59. Jf S is the symbol of the general transformation of the r-term group 
Xi f,...,Xrf, and if moreover, T,,...,Tim— are transformations which leave invari- 
ant the group X\f,...,X;f and which, in addition, are linked together and jointly 
with the identity transformation To by relations of the form: 


Ty Ty =T,S, 
but not by relations of the form: 
jn, (vAu), 
then the totality of all transformations: 
Wd. Fs, cacy Pee 


form a group with pairwise inverse transformations which consists of m discrete 
continuous families of °°" transformations and which, at the same time, contains 
all transformations of the group Xf,...,X;f. If one chooses the transformations 
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T,,-.--;Zj—1 in all possible ways, then one obtains all groups having the constitution 
indicated. 


In the next chapter, we give a general method for the determination of all trans- 
formations which leave invariant a given group X)f,...,X;f. 


If one has two different systems of transformations 7),...,7i,—1, say T),.--, Tim—1 

and T/,...,T7/_,, then obviously, the two groups: 

195, 1 8p cccy, dps 

TS, Ts se (ae 
are always distinct when and only when it is not possible to represent each one of 
the transformations T;,...,7/,_, in the form: 

/ _ . 
Ty = Tig Sky 


Needless to say, one can frequently arrange that the m transformations 7p, 7), ..., 
Tn—1 already form a discontinuous group for themselves. 


Example. The n infinitesimal transformations: 


Of Of 


a eeeg a 
Ox, OXn 


generate an r-term group. The totality of all transformations that leave this group 
invariant forms a finite continuous group which is generated by the n+ n° infinites- 
imal transformations: 


Ch ee 
Ox; " Ox, 


Now, if amongst the co” transformations: 


x) = Aj xy +++ +dinXn (i=1--n) 
of the group: 
Of 
Xj =— (i, k=1-+-n) 
” Ox, ’ 
one chooses m arbitrary transformations that form a discontinuous group as trans- 
formations 70, 7), ..., Zm—1, and if one sets for S the general transformation: 
x, =XxX1 +d], ..., x, =Xn+adn 

of the group 0 f/0x,,..., 0f/OXn, then one always obtains a group which consists 


of m discrete families and which comprises all oo” transformations of the group 


Of /Ox1,..., Of /OXy. 
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Naturally, the Theorem 58, p. also holds true when the group G consists of 
infinitely many families of oo” transformations. Hence if one wants to construct such 
a group, one only has to seek infinitely many discrete transformations: 


Tis Ds acs 


which leave invariant the group X) f,...,X,.f and which, in addition, satisfy pairwise 
relations of the form: 
Tu Ty =T, Sz, 


but by contrast, which are neither mutually, nor together with the identity transfor- 
mation, linked by relations of the form: 


Ty = Ty Sj. 
The totality of all transformations: 
TgSy DS y, LS 5 -s20 


then forms a group G which comprises the group X;f,...,X;f and which consists 
of infinitely many different families of co” transformations. 

But the transformations of the group G found in this way are in general not 
ordered as inverses by pairs; in order that they enjoy this property, each one of the 
transformations 7|, 7>, ..., must also satisfy, aside from the relations indicated 
above, yet relations of the form: 


Ty = Thy Sin: 


87. 


At present, we still make a few observations about the invariant subgroups as we 
have considered them in the previous three paragraphs. 
Let G be a group which consists of the m discrete families: 
k k) k k 
x! ) = (x1,...,%n,a ) a! )) 
(k=1---m) 


(i=1--n) 


of co” transformations and which, for each one of its transformations, also contains 
the inverse transformation. In particular, let: 


1 
xh =f (1). yA Oyo) (i=1--n) 


be the r-term group generated by r infinitesimal transformations: X,f,...,X;f 
which is contained in G. 

In accordance with Chap. |6] p. we say that every function which admits all 
transformations of G, hence which satisfies the m equations: 


332 18 Groups with Discrete Families of Transformations 
(k) (k) 
U(x; pea tn ) = (Aiea. Ka) (k=1---m), 


is an invariant of G. We want to show how one can find the invariants of G. 


Evidently, every invariant of G is at the same time an invariant of the r-term 
group Xf,...,X;f and therefore, it is a solution of the complete system which is 
determined by the equations: 


Xf =0, .., %f=0. 


If this complete system is n-term, then the group X,/,...,X)f and therefore also 
the group G possess in fact no invariant. So, we assume that the said complete 
system is (n — q)-term and we denote by u,...,u, any g of its solutions that are 
independent. 

According to Theorem 58, the group X1f,...,X,f remains invariant by all trans- 
formations of G; consequently, the (n — q)-term complete system determined by the 
equations: 

HU, tag GT SHU 


also admits all transformations of G. Consequently (cf. Chap. 8, p.[149), the solu- 


tions u,...,Ug of this complete system satisfy relations of the shape: 
k k k k k 
(11) uj (x) ) xt ) = a} (uy (x),..-,Ug(2); al D cisglte ) 


(j=1--q; k=1--m). 


(k) 


It can be shown here that the functions QO; 
(k) (k) 


are all free of the parameters 


Gi ecagy 
By al”) aus a, we want to denote an arbitrary fixed system of values. If the 
system of values a”), ees a’) lies in a certain neighbourhood of al”) age a), then 
according to Theorem 56, p. the transformation: 
xl =f (Tigdtcgdi al”),...,a®) 


can be obtained by executing firstly the transformation: 


HY = 6) (x1,...,an, a, ...,a”) 
and afterwards, a certain transformation: 

x) = AF, x, on,. ee | 
of the group X,/f,...,X;f. So we have: 


x0 = 6 (FOO, a)... AO (x, a‘), Qinticn Oe): 
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Now, u4,...,Ug are invariants of the group X, f,...,X;f and therefore, they satisfy 
relations of the shape: 


u(x, ...,x) = uj (x, ..., 2). 


On the other hand, we have: 


th —(k _(k 
uj (¥ ) ase ) = oF (ur (x);- el) 
where the ow. depend only upon uw ,...,ug and contain no arbitrary parameters, 
since a”) a re are numerical constants, indeed. Thus we obtain: 
Ci) uj (x, oa x) = lo (u (eases Ug(x)), 


(k) 


and with this, it is proved that the functions @ i 


free of the parameters al”), oa a), 


According to what has bee said above, every invariant U(x,,...,%n) of the group 
G satisfies m equations of the shape: 


in the equations (11) are effectively 


n(x, es x?) ee (k=1---m)3 
but since it is in addition a function of only u1,...,Ug, Say: 
MMi vasig tn) Hl (Wisse, Hg) 
then at the same time, it satisfies the m relations: 


T(a\ (u1,...,uq), on of) (u1,...,Uq)) = J Wijes) 
etal: 


(12) 


Conversely, every function J(u1,...,u,) that satisfies the m functional equations 
just written obviously is an invariant of the group G. Consequently, in order to find 
all invariants of G, we only need to fulfill these functional equations in the most 
general way. 

The problem of determining all solutions of the functional equations (12) is vis- 
ibly identical to the problem of determining all functions of u;,...,ug which admit 
the m transformations: 


ul, = ol (uy,...,Uq) (j=1--q) 


(k=1--m). 


(13) 


But these m transformations form a discontinuous group, as one realizes without 
difficulty from the group property [GRUPPENEIGENSCHAFT] Of G. Thus, our problem 
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stated at the outset of the paragraph is lead back to a problem of the theory of the 
discontinuous groups. 
We summarize the gained result in the 


Theorem 60. [fa group G (whose transformations are pairwise inverse) consists of 
several discrete families of 2" transformations: 
(k) (k) (k) (k) 
x; = f, Caer ne Ay, +++, 4p ) 
(k= 1,2: ), 


then all invariants of G are at the same time also invariants of the r-term continuous 
group: X\f,...,X;,f determined by G. If one knows the invariants of the latter group, 
hence if one knows any q arbitrary independent solutions uy,...,Ug of the (n—q)- 
term complete system which is determined by the equations: 


Xif=0, ..., Xf=0, 


the one finds the invariants of G in the following way: one forms at first the relations: 


uj ay”, vee x?) _ o\" (u(x), . syltg()) (Ge1ug) 


(k=1,2--), 
which, under the assumptions made, exist, and in which the oy") depend only upon 
the two indices j and k; afterwards, one determines all functions of u,,...,Ug which 
admit the discontinuous group formed by the transformations: 
/ (k) ( 


uy =O; 


f U1,-++;Uq) (j=1--4) 


(k=1,2+-). 
The concerned functions are the invariants of the group G. 


A similar theorem clearly holds true when the group G consists of infinitely many 
continuous families of transformations. 


One can propose to oneself the problem of finding all invariants that a given family of transfor- 
mations: 


Us - 
X; = Qi(X1,---,Xn, A1,---,4r) (i=1---n) 


possesses, or all invariants that are common to several such families|'] The family, respectively the 
families, can here be completely arbitrary and they need not belong to a finite group. 

We do not intend to treat exhaustively this problem; let it only be remarked that the concerned 
invariants are solutions, though not arbitrary solutions, of a certain complete system that can be 
easily be indicated. Indeed, since the sought invariants, aside from the given transformations, also 
obviously admit yet the associated inverse transformations, then one can very easily set up certain 
infinitesimal transformations by which they remain invariant as well. In general, these infinitesimal 
transformations contain arbitrary elements, an in particular, certain parameters; when set equal to 


LAGE: LIE, Berichte der K. Siichs. Ges. d. W., 1. August 1887. 
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zero, these infinitesimal transformations provide linear partial differential equations which must be 
satisfied by the sought invariants. Now, it is always possible to set up the smallest complete system 
which embraces all these differential equations. If one knows a system of solutions uw, u2,... of 
this complete system, then one forms an arbitrary function Q(u;,u2,...) of them, one executes on 
it the general transformation of the given family and one determines Q in the most general way in 
order that Q behaves invariantly. 
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Chapter 19 
Theory of the Similarity (Acuycicuxerr) of r-term Groups 


It is often of the utmost importance to answer the question whether a given r-term 
group x; = fi(x1,...,%s,@1,...,@,) of the s-times extended space is similar [AHN- 
LICH] to another given r-term group y,; = Fi(y1,...,s, b1,...,,) of the same space, 
hence whether one can introduce, in place of the x and of the a, new variables: 
y1,---,Ys and new parameters: bj,...,b, so that the first group converts into the 
second group (Chap. B] p.[27). If one knows, in a given case, that such a transfer of 
one of the groups to the other is possible, then a second question raises itself: how 
one accomplishes the concerned transfer in the most general way? 

In the present chapter, we provide means for answering the two questions. 

To begin with, we show that the first one of the two questions can be replaced 
by the following more simple question: under which conditions does there exist a 
transformation: 

Vij = DR yaviyX) (i=1-+5) 


of such a nature that r arbitrary independent infinitesimal transformations of the 
group x; = f;(x,a) are transferred to infinitesimal transformations of the group y; = 
F;(y,b) by the introduction of the variables y;,...,y;? We settle this simpler ques- 
tion by setting up certain conditions which are necessary for the existence of a 
transformation y; = ®;(x) of the demanded constitution, and which prove to also be 
sufficient. At the same time, we shall see that all possibly existing transformations 
yj = ®;(x) of the demanded constitution can be determined by integrating complete 
systems. With that, the second one of the two questions stated above will then also 
be answered. 


88. 


Let the two r-term groups: x} = f;(x,a) and y; = F,(y,b) be similar to each other 
and to be precise, let the first one be transferred to the second one when the new 


variables yj = ®;(x1,...,Xs) are introduced in place of x;,...,xs, and when the new 
parameters by = B;(a,,...,a,) are introduced in place of a),...,a,. Furthermore, 
let: : 3 
f 
Xf = y Ch Aly ana he) ae (k=1---r) 
i=1 Mi 
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be r arbitrary independent infinitesimal transformations of the group x; = fi(x,a); 


by the introduction of the new variables y;,..., ys, let them take the form: 


a) 
Xf = Exw5e = ¥ oul Vignes, Vs) Sh = aus 
(k=1-n). 


We decompose the transition from the group x; = f;(x,a) to the group y; = F;(y, b) 
in a series of steps. 
At first, we bring the group x; = f;(x,a) to the canonical form: 


r 
(1) Mae Yr Sy Biganagt (i=1--5) 

k=1 
by introducing for a,,...,a, certain (needless to say) perfectly determined functions 
of ¢1,...,e-. Then evidently, we must obtain from (1) the equations y; = F;(y,b) 
when we introduce the new variables y;,..., ys in place of the x, and when in addi- 
tion, we insert for e;,...,@, Some completely determined functions of b;,...,b,. 


But now, according to Chap. [4] p. after the introduction of the variables 
y1,--+,¥s, the equations (1) take the shape: 


F 
ir) y=yt+)y CLV in=<o5 Ne) (i=1--s), 
k=1 


hence the equations (1’) must become identical to the equations y, = F;(y,b) when 
one expresses ¢€;,...,é, in terms of b;,...,b, in the indicated way. Consequently, 
the equations (1’) are a form of the group y; = F;(y,b), and to be precise, a canoni- 
cal form, as an examination teaches [WIE DER AUGENSCHEIN LEHRT]. In other words: 
21f,...,Y,f are independent infinitesimal transformations of this group. 

Thus, if after the introduction of the new variables y,,...,ys and of the new pa- 
rameters b,,...,b,, the r-term group x; = fi(x1,...,%s, @1,...,@,) converts into the 
group y; = Fi(y1,.-..,ys, 01,...,0,), then the infinitesimal transformations of the first 
group convert into the infinitesimal transformations of the second group, also after 
the introduction of the variables y1,..., ys. 

Obviously, the converse also holds true: if the two groups x; = f;(x,a) and y; = 
F;(y,b) stand in the mutual relationship that the infinitesimal transformations of the 
first one are transferred to the infinitesimal transformations of the second one after 
the introduction of the new variables y;,...,ys, then one can always transfer the 
group x; = fi(x,a) to the group y; = F;(y,b) by means of appropriate choices of the 
variables and of the parameters. Indeed, by the introduction of the y, the canonical 
form (1) of the group x; = fj(x,a) is transferred to the canonical form (1’) of the 
group y; = Fi(y,d). 

As aresult, we have the 
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Theorem 61. Two r-term groups in the same number of variables are similar to 
each other if and only if it is possible to transfer any r arbitrary independent in- 
finitesimal transformations of the first one to infinitesimal transformations of the 
second one by the introduction of new variables. 


When the question is to examine whether the two r-term groups x; = fi(x,a) and 
y; = F;(y,b) are similar to each other, then one needs only to consider [INs AUGE 
FASSEN] the infinitesimal transformations of the two groups and to ask whether they 
can be transferred to each other. 

From the above developments, one can yet immediately draw another more im- 
portant conclusion. 

We know that between the infinitesimal transformations X; f,...,X).f of the group 
x! = f;(x,a), there exist relations of the form: 


r 


Xi(Xe(f)) — Xe (Xi(f)) = Xi, Xd = py Cita Xof- 


According to Chap. [5] Proposition 2, p. [96] after the introduction of the new vari- 
ables y,...,¥s, these relations receive the form: 


r 


Yi(Me(f)) —VDe Dil/)) = (Di, Del = py Ciko Vol, 


so the r independent infinitesimal relations 2); f,...,¥),f of the group y, = Fi(y,b) 
are linked together by exactly the same relations as the infinitesimal transformations 
X\f,...,X,f of the group x; = f;(x,a). 

According to the way of expressing introduced in Chap. p. 299]and BOI] we 
can therefore say: 


Theorem 62. /f two r-term groups in the same number of variables are similar to 
each other, then they are also equally composed, or, what is the same, holoedrically 
isomorphic. 


At the same time, it is clear that the transformation y; = ®;(x1,...,xs) establishes 
a holoedrically isomorphic relationship between the two groups: x; = fi(x,a) and 
y; = F,(y,b) since it associates to the r independent infinitesimal transformations 
X\f,...,X;,f of the first group the r independent transformations 2), f,...,2);f of 
the other, and since through this correspondence, the two groups are obviously re- 
lated to each other in a holoedrically isomorphic way. 


89. 


At present, we imagine that two arbitrary r-term group in the same number of vari- 
ables are presented; let their infinitesimal transformations be: 


_y Of 
f=) Guilt ¥s) 5 (k=1--r) 
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and: 


' P) 
“if = y CH tisacasity, of (109). 
i=1 Yi 


We ask: are these two groups similar to each other, or not? 

Our answer to this question must obviously fall in the negative sense as soon as 
the two groups are not equally composed; indeed, according to Theorem 62, only 
the equally composed groups can be similar to each other. Consequently, we need 
only to occupy ourselves with the case when the two groups are equally composed; 
the question whether this case really happens may always be settled thanks to an 
algebraic discussion [ALGEBRAISCHE DISCUSSION]. 

According to that, we assume from now on that the two presented groups are 
equally composed. 

According to Theorem 61, the two equally composed groups X1f,...,X,f and 
Z\f,..-,Z-f are similar to each other if and only if there is a transformation 


yj = ®(x1,...,xs) of such a constitution that X; f,...,X,f convert into infinitesimal 
transformations of the group Z| f,...,Z,f after the introduction of the new variables 
y,--+,s- If we combine this with the remark at the end of the previous paragraph, 


we realize that the two groups are similar to each other if and only if a holoedrically 
isomorphic relation can be established between them so that it is possible, by 
the introduction of appropriate new variables: y; = ®j(x;,...,xs) to transfer the r 
infinitesimal transformations X1f,...,X;f precisely to the infinitesimal transfor- 
mations 2), f,...,2),f of the group Z,f,...,Z,f that are associated through the 
isomorphic relation. 

The next step that we must climb towards the answer to the question we stated is 
therefore to relate the two groups in the most general holoedrically isomorphic way. 

In the group Z, f,...,Z,, we choose in the most general way r independent in- 
finitesimal transformations: 


Kf =) suyZif (k=1--7) 
j=l 


such that together with the relations: 
(2) Xi X= Yi cuoXof, 
o=1 


there are at the same time the relations: 


M- 


(2’) Yi, Yel =), Cite Yo: 


lI 
= 


oO 


If this is occurs— only algebraic operations are required for that—, then we as- 
sociate the infinitesimal transformations Y| f,...,Y,-f to Xf,...,X;f, respectively, 
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and we obtain that the two groups are holoedrically isomorphically related to each 
other in the most general way. 

In the present chapter, by the gx;, we understand everywhere the most general 
system of constants which satisfies the requirement stated just now. 

Here, it is to be remarked that in general, the g,; depend upon arbitrary elements, 
once upon arbitrary parameters and then upon certain arbitrarinesses [WILLKUR- 
LICHKEITEN] which are caused by the algebraic operations that are necessary for 
the determination of the 9;;; indeed, it is thinkable that there are several discrete 
families of systems of values g;; which possess the demanded constitution. 

At present, the question is whether, amongst the reciprocal isomorphic relation- 
ships between the two groups found in this way, there is one which has the property 
indicated above. In other words: is it possible to specialize the arbitrary elements 
which occur in the coefficients g,; in such a way that X)f,...,X;f can be trans- 
ferred to Y f,...,Y,f, respectively, by means of the introduction of appropriate new 
variables: y; = B;(x1,...,Xs)? 

When, but only when, this question must have been answered, one may conclude 
that the two groups X|f,...,X,f and Z| f,...,Z,f are similar to each other. 

Let X,f,...,X,f (n <r) be linked together by no linear relation of the form: 


X1 (Sige o Xs) Xif + ut + X%n(x1, tee ea = 0, 
while by contrast, X,,41/,...,X;f can be linearly expressed in terms of X1f,...,Xnf: 


Gut = Oxi (X1,--- Xs) Xi f +--+ Oen(x1,--- Xs) Xnf 
(k=1-+r—n). 


(3) 


Now, if the transformation y; = ®;(x;,...,xs) is constituted in such a way that, 
after introduction of the y, X, f,...,X;f are transferred to certain infinitesimal trans- 
formations 2); f,...,2),;f which belong to the group Z,/f,...,Z,f, then naturally, 
Mif,...,Wnf are not linked together by a linear relation of the form: 


Wilyi,---.¥s) Dif +--+ Wa, ---5¥s) Daf = 0; 


by contrast, we visibly obtain for %),41/,...,2)-f expressions of the shape: 
Dnt = y! Py (15+ + Ys) DoF (k=1--r—n), 
v=1 


in which the @,,,(y) come into existence after the introduction of the variables y in 
place of the x, so that the n(r — n) equations: 


Prev 15+ +-¥s) = Pev (1, --- Xs) 


are hence identities after the substitution: yj; = ®j(x1,...,X;). 
From this, we conclude that: 
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If there is no linear relation between X,f,...,Xnf, while Xn f,...,X,f express 
linearly in terms of X\ f,...,Xnf by virtue of the relations (3), then the two equally 
composed groups X\f,...,X;rf and Z, f,...,Z,f can be similar only when the arbi- 
trary elements in the coefficients g,; defined above can be chosen in such a way that 
the infinitesimal transformations: 


Kf= Vi ejZjf (k=1--r) 
j=l 


possess the following properties: firstly, Y, f,...,¥,f are linked by no linear rela- 
tion, while by contrast, Y,+1f,...,¥-f express linearly in terms of Y, f,...,Ynf: 


(3’) Yrikf = Yo Vv 9s) WF (k=1--r—n), 
v=1 


and secondly, the n(r —n) equations: 


(4) Piey (15224520) — Wey 15-+<4¥s) = 0 (k=1--r—n; v=1--n), 


are compatible with each other and they give relations neither between the x alone 
nor between the y alone. 


These conditions are necessary for the similarity between the two equally com- 
posed groups X,f,...,X;,f and Z,f,...,Z,f. We claim that the same conditions 
are sufficient. Said more precisely, we claim: when the said conditions are satis- 
fied, then there always is a transformation y; = ®j(x1,...,Xs) which transfers the 
infinitesimal transformations X,f,...,X;f to, respectively, Y, f,...,Y,f, so the two 
groups X,f,...,X;f and Z, f,...,Z,f are similar to each other. 

The proof of this claim will be produced while we develop a method which con- 
ducts to the determination of a transformation having the indicated constitution. 


Our more present standpoint is therefore the following: 
In the s variables x1,...,xs, let an r-term group: 


Of 


Xf = Y él X1y+++5 Xs) > 


(k=1+-r) 


be presented, the composition of which is determined by the relations: 
r 


[X;, Xx] = py Cito Xof. 


Between X|f,...,X,f, there is at the same time no linear relation of the form: 


Wi Migeeaghs AAS ae Pa Misa hs) Ant = 0, 


while by contrast X,,+1f,...,X;f express themselves in terms of X,f,..., Xf: 


§ 89. 343 


(3) Xnikf = >, Pev (X15 +++ Xs) Xvf (kK=1--n—r). 
v=1 
Furthermore, let us be given an r-term group: 
S Of 
Zif =Y Gei(V1..--5¥s) = (k=1--r) 
i=l Oy; 


which is equally composed with the group X,/,...,X;f, and let r independent in- 
finitesimal transformations: 


r Ss 4 
f= y Bi Zif = bs Tl Viss2-4¥s) st (k=1-+7r) 
j=l i=l i 


in this group be chosen in such a way that firstly, the relations: 
: 
My hl= )V co lof 
a=) 


are identically satisfied, and such that secondly, Y| f,...,Y,f are linked together by 
no relation of the form: 


Wilyi,--- ss) f+: +Wa1,---:¥s) Yaf =0, 


while by contrast Y,41f,...,¥Y;f express themselves in the following way: 
(3’) Yusef = We (V15---5¥s) Yo (k=1-n—n), 
v=1 


and such that, lastly, the n(r — 7) equations: 


(4) py Aigieepits) = Wil Vinee) SO (kK=1--r—n; V=1--n) 


are compatible with each other and give relations neither between the x alone, nor 
between the y alone. 


To seek a transformation: 


(5) Yi = Di(x1,...,Xs) (i=1+5) 
which transfers X\f,...,Xrf toY f,...,¥,f, respectively. 
We can add: 


The sought transformation is constituted in such a way that the equations (4) are 
identities after the substitution: y; = P(x), ..., ys = Bs(x). 


With these words, the problem which is to be settled is enunciated. 
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90. 


Before we attack in its complete generality the problem stated at the end of the 
preceding paragraph, we want to consider a special case, the settlement of which 
turns out to be substantially simpler; we mean the case n = r which, obviously, can 
occur only when s is at least equal to r. 

Thus, let the entire number n defined above be equal to r. 

It is clear that in this case, neither between X,/f,...,X;f, nor between Z, f,...,Z,f 
there exists a linear relation. From this, it follows that the r infinitesimal transfor- 
mations: 


Xf = 3 Kj Zif (k=1---r) 
= 


satisfy by themselves the conditions indicated on p. without it begin necessary 
to specialize further the arbitrary elements contained in the g;;. Indeed, firstly there 
is no linear relation between Y|f,...,¥-f, and secondly, the equations (4) reduce 
to the identity 0 = 0, hence they are certainly compatible to each other and they 
produce relations neither between the x alone, nor between the y alone. 

Thus, if the claim stated on p. is correct, our two r-term groups must be 
similar, and to be precise, there must exist a transformation y; = ®;(x),...,x;) which 
transfers Xf,...,X;f to Y f,...,¥-f, respectively. We seek to determine such a 
transformation. 


When we introduce the variables y,,..., ys in. X;,f by means of the transformation: 
(5) Vi = Oia, 004%5) (i=1-»5), 
we obtain: 


Xf = 3 Key Sh fay Xk 0, ot 


so by comparing to: 
: of _< Of 
Kf = i(V1,---,¥s) —- = ) heyix—, 
ef L M(V1, +++ Ys) ms L WIZ, 
we realize that the transformation (5) transfers X, f,...,X,f toY, f,...,Y,f, respec- 
tively, if and only if the rs equations: 


(6) Yi. y; —X, PB = 0 (k=1-ry i= 1-5) 


become identities after the substitution: yj = Bi (x), ..., ys = s(x). 
Now, if we set: 
Xf + Vf = Af (k=1--r), 
we have: 
QV — Bi) = Ye vi — Xe Bi; 
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thus, when the equations (5) represent a transformation having the constitution de- 
manded, the rs expressions Q;(y;— ®;) all vanish by means of (5), or, what amounts 
to the same: the system of equations (5) admits the r infinitesimal transformations 
Qyf,..., Qf (cf. Chap.[7) p.[120]sq.). 

On the other hand, the following obviously holds true: every system of equations 
solvable with respect to x;,...,x; of the form (5) which admits the r infinites- 
imal transformations Q)f,...,Q,f represents a transformation which transfers 
Af psccg hype f TONS p0x0,%>f, Tespectively. 

At present, if we take into account that the r infinitesimal transformations 
Q,f,...,Q,f stand pairwise in the relationships: 


[Q;, Qi] = (Xi, XJ +0, Nd = Vo cika Qof, 
o=1 


and therefore generate an r-term group in the 2s variables x1,...,X5, y1,---,Ys, We 
can thus say: 

The totality of all transformations (5) which transfer Xf ,...,X;f toY f,...,Y-f, 
respectively, is identical to the totality of all systems of equations solvable with 
respect to X,,...,Xy Of the form (5) which admit the r-term group Q,f,...,Q,f. 


The determination of a transformation of the discussed constitution is therefore 
lead back to the determination of a certain system of equations in the 2s variables 


X1,.-+,Xs, Y1,--+,¥s; this system of equations must possess the following properties: 
it must consist of s independent equations, it must be solvable both with respect to 
X1,...,Xs and with respect to y,,...,ys, and lastly, it must admit the r-term group 
DF piwghlef: 


For the resolution of this new problem, we can base ourselves on the develop- 
ments of the Chap. 
Under the assumptions made, the r x r determinants of the matrix: 


Sii(x) - » Sis(2) 

E(x) + - E,(2) 
do not all vanish identically and even less all 7 x r determinants of the matrix: 
Sii(x) + + Sis(%) M10) - + Ms(y) 
S(t) + + Es(t) tails) ms(y) | 


Hence when a system of equations brings to zero all r x r determinants of the ma- 
trix (7), it must necessarily contain relations between the x alone. 
Our problem is the determination of a system of equations of the form: 


(7) 


(8) Vy = Dy (Rij cee Xe) HO) nds Ve = Onc hs) =O 
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which admits the group X,f+Y;f, and which is at the same time solvable with 
respect tO x1,...,X;. 

A system of equations of this nature certainly contains no relation between 
X1,...,Xs only, so it does not bring to zero all r x r determinants of the matrix (7) 
and according to Theorem 17 in Chap.[/| p. it can be brought to a such a form 
that it contains only relations between the solutions of the complete system: 


(9) Af =XLf+Vif =0 (k=1--r). 


Consequently, our problem will be solved when we will succeed to determine s in- 
dependent relations between the solutions of this complete system that are solvable 
with respect to x1,...,x y and with respect to y1,...,ys as well. 

The complete system (9) possesses 2s — r independent solutions which we can 
evidently choose in such a way that s — r of them, say: 


GM ipskin Rely cecy Upapl Dewey) 


depend only upon the x, so that s — r other: 


VI(V1,-+-5Ys)y -++y Ver 1, -s¥s) 


depend only upon the y, while by contrast, the r remaining ones: 


Wi ise Fel Vises he), cece | Wy Kigicvagdys Vigrsag Vu) 


must contain certain x and certain y as well. Here, the s functions u1,...,Us—,, 
W1,---,W, are mutually independent as far as x;,...,x; are concerned, and the s 
functions vj,...,Vs—r, W1,---,Wy are So too, as far as yj,...,ys are concerned; from 
this, it follows that the r equations of the complete system are solvable with respect 
to r of the differential quotients 0f/dy,, ..., Af/Oys, and with respect to r of 
the differential quotients 0f/0x,, ..., Of /Axs as well (cf. Chap. [5] Theorem 12, 
p. (102). 


Now, when s mutually independent relations between the u, v, w are solvable both 


with respect to x;,...,x; and with respect to y,,..., ys? Clearly, when and only when 
they can be solved both with respect to u1,...,Us—-, W1,---,W, and with respect to 
V1,---,Vs—r,; W1,---;Wr, hence when they can be brought to the form: 
(10) i= Fil isdeaplltar)s, cece Vee = bri Wiseesttvoe, 

wWwt= Oi Wis <cup tes) tee Wr = G6-(u1,. i glgsp)s 
where §1,-..,%s—r denote arbitrary mutually independent functions of their argu- 
ments, while the functions 6;,...,6, are submitted to absolutely no restriction. 


The equations (10) represent the most general system of equations which con- 
sists of s independent equations, which admits the group Q,f,...,Q,f and which 
can be solved both with respect to x;,...,x; and with respect to yj,...,y,; at the 
same time, they represent the most general transformation between x),...,x; and 
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y1,---,Ys which transfers X,f,...,X,f to Y, f,...,Y,f, respectively. It is therefore 
proved that there exist transformations which achieve this transfer, hence that our 
two groups are effectively similar to each other. 

But even more: the equations (10) actually represent the most general transfor- 
mation which transfers the group X,/f,...,X;f to the group Z)f,...,Z,f. 

In fact, if y; = Y%(x1,...,xs) is an arbitrary transformation which transfers the one 
group to the other, then it converts X,f,...,X;f into certain infinitesimal transfor- 
mations 2), f,...,2),f of the group Z; f,...,Z,f which stand pairwise in the rela- 
tionships: 


Da Di =), Ge Vers, 
o=1 


and which can hence be obtained from the r infinitesimal transformations: 


yf= Vi eyjZif (k=1---r) 


j=l 


when one specializes in an appropriate way the arbitrary elements appearing in 
the g,;. But now, all transformations which convert X)f,...,X;f into Yf,...,Y-f, 
respectively, are contained in the form (10), so in particular, the transformation y; = 
W(x1,...,X,) is also contained in this form. 

Now, by summarizing the gained result, we can say: 


Theorem 63. Jf the two r-term groups: 


ra) 
Xf = sy Exi( (Riss 5X. Xs) se (k=1--r) 
and: ; 3 
AF=V Gud svSE eaten 
i=l Ji 


are equally composed and if neither X,f,...,X,f, nor Z,f,...,Z,f are linked to- 
gether by linear relations, then the two groups are also similar to each other. On 
obtains the most general transformation which transfers the one group to the other 
in the following way: One chooses the r constants gy j in the most general way so 
that the r infinitesimal transformations: 


yf= >) Bi Zs (k=1--r) 


j=! 
are mutually independent and so that, together with the relations: 


r 


[Xi, X;] = py Ciko Xof, 
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there are at the same time the relations: 
Z 
Ye =) Gre Yor: 
o=l 
afterwards, one forms the r-term complete system: 


Xf +¥ef =0 (k=1~1) 


in the 2s variables x1,...,Xs, ¥1,-.-,¥s and one determines 2s —r independent solu- 
tions of it, namely s — r independent solutions: 


1 Madey Me akg Mea ii ycatgile) 
which contain only the x, plus s — r independent solutions: 


ViVi Se) aa an eerere 


which contain only the y, and r solutions: 


Wi Aiseres da Vinadote): eta | Wy Kigera ily Viney Ve) 
which are mutually independent and which are independent of uj,...,Us—r, 
V1,-.--,Vs—rs if this takes place, then the system of equations: 

y= 1(u1, ene .Us—r), ei) Vs—r = Bs—r(u, naire ,Us—r), 

wi= G1(u1,...,Us_r), tee Wr = Oy (te ys angle) 
represents the demanded transformation; here, 6,,...,6, are perfectly arbitrary 
functions of their arguments; by contrast, §1,...,8s—r are subjected to the restric- 


tion that they must be mutually independent. 
From this, it results in particular the 


Proposition 1. /f the r < s independent infinitesimal transformations: 


; F) 
Kef = balers) 52 (k=1---r) 
i=l Xj 
stand pairwise in the relationships: 
[Xi, Xx] =0 (i,k=1--r), 


without being, however, linked together by a linear relation of the form: 
r 
y yeas oa Xs) Xf = 0, 
k=1 


then they generate an r-term group which is similar to the group of transformations: 
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) 
Yi f= SE coos ef = SF. 


A case of the utmost importance is when the two numbers s and r are equal to 
each other, so that the two groups X,/f,...,X;f and Zf,...,Z,f are transitive, or 
more precisely: simply transitive (cf. Chap. p. 222). We want to enunciate the 
Theorem 63 for this special case: 


Theorem 64. Two simply transitive equally composed groups in the same number 
of variables are always also similar to each other. If: 


E. of 
Xf=) Silty) 5 (8 
and: ; ; 
Zf = bully oude) Se (kK=1---r) 
i=l Vi 


are the infinitesimal transformations of the two groups, then one finds in the follow- 
ing way the most general transformation which transfers the one group to the other: 
One chooses the r* constants gx j in the most general way so that the r infinitesimal 
transformations: 


‘ 
Yf= Yo syZif (k=1--7) 
j=l 
are mutually independent and so that, together with the relations: 


r 


[Xi, Xx] = py Ciko Xof, 


there are at the same time the relations: 


~ 


Yi, YJ = Ye Ciko YoS ; 


moreover, one forms the r-term complete system: 


Xf +%f =0 (k=11) 
in the 2r variables x,,...,X;, Y1,---,Yr and one determines r arbitrary independent 
solutions: 

WY gx Vigenas yy sees Wylie Rry Vinee Ve) 


of it; then the r equations: 


Wi, =a, ..-, Wr = G4, 
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with the r arbitrary constants a,,...,a; represent the most general transformation 
having the constitution demanded. 


91. 


At present, we turn to the treatment of the general problem that we have stated at 
the end of § 89 (p.B43). 

At first, we can prove exactly as in the previous paragraph that every transforma- 
tion: yj = ®;(x1,...,x;) which transfers X,f,...,X-f to Yi f,...,¥,-f, respectively, 
represents a system of equations which admits the r-term group Q,f = X;.f+Y¥f 
and that, on the other hand, every system of equations solvable with respect to 
X1,-++5Xz: 

Vp = Di. 25 Hy) 


which admits the group 22; f,...,@,f represents a transformation which transfers 
Xi fyevsgXef tO f,.<0,¥,f, respectively. 

Now, according to p. every transformation y; = ®;(x;,...,x;) which trans- 
fers X,f,...,X;f to Y f,...,¥-f, respectively, is constituted in such a way that the 
equations (4) become identities after the substitution: yj = ®; (x), ..., yy = ®,(x). 
Consequently, we can also enunciate as follows the problem formulated on p-B43} 

To seek, in the 2s variables x1,...,Xs, ¥1,---+,¥s, a System of equations which ad- 
mits the r-term group 2, f,...,Q,f, which consists of exactly s independent equa- 
tions that are solvable both with respect to x,,...,Xs and to y,,...,ys, and lastly, 
which embrace§!] the n(r—n) equations: 


(4) Dry (X1,---,Xs) — Wey (%1,---, Xs) =O (kK=1--r—n; V=1-<n). 


For the solution of this problem, it is if great importance that the system of equa- 
tions (4) admits in turn the r-term group Q,f,...,Q-f. 

In order to prove this, we imagine that the matrix which is associated to the 
infinitesimal transformations Q, f,...,Q,/: 


G11(x) « ~ Sis(x) Muy) - - Ms(y) 
Er (x) rs Cl) Nr (y) 7 Nrs(y) 


is written down. We will show that the equations (4) are a system of equations 
which is obtained by setting equal to zero all (n+ 1) x (n+ 1) determinants of the 
matrix (11). With this, according to Theorem 39, Chap. [14] p.[236] it will be proved 
that the system of equations (4) admits the group Q)/,...,Q,f. 

Amongst the (7+ 1) x (n+ 1) determinants of the matrix (11), there are in par- 
ticular those of the form: 


(11) 


' See the footnote on p. 
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Ei (x) + Sik (*) Moly) 
Cik; (x) t* Gale: (x) TIno (y) 


n+ j,ky (x) a Ent j,ka (*) Mn+j,o(y) 


If we replace in A the members of the last horizontal row by their values from (3) 
and (3’), namely by the following values: 


Ent jk (*) 8 Piv(x x) Ey, key (% 2) TIn+j, o( =¥ Wiv(y y) Nvo(y 


and if we subtract from the last horizontal row the first n rows, after we have multi- 
plied them before by @j1(x),.-., @jn(x), respectively, then we receive: 


A=P +&t4,(x)- Sua) | y){ Yiv(y) — Gjv(x)}- 


ie 


Here, under the assumptions made earlier on, the determinants of the form: 


p= a oie eG 


do not all vanish identically, and likewise not all determinants: 


j= y = 1k, (Y) +++ Mak, (Y) 


vanish identically. 

Obviously, a system of equations that brings to zero all determinants A must 
either contain all equations of the form D = 0, or it must contain the s(r—n) equa- 
tions: 


YY" nvo(y) {Wiv(y) — gjv(~)} =0 (o=1--s; j=1--r—n); 
v=1 


in the latter case, it embraces either all equations of the form D = 0, or the n(r —n) 
equations: 


(4) Pjv(x) — Wiv(y) =0 (g=1--r—n; V=1--n). 


In the latter one of these three cases, we now observe what follows: 

The system of equation (4) brings to zero not only all determinants A, but ac- 
tually also all (n+ 1) x (n+ 1) determinants of the matrix (11). One realizes this 
immediately when one writes the matrix under the form: 
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E11 (x) a E1s(x) m1) nt Mis(y) 
yy Piv v1 ang ron Piv Svs " my Nvl o** co Wiv"vs |, 
_ = Q,— nv Bi . His Or—n,v Evs pa a Wr—n,v vi * ya Wr—nv Tvs 


and when one makes afterwards the substitution: Wy (vy) = @gy (x); the (n+ 1) x (n+ 
1) determinants of the so obtained matrix are all identically zero. Consequently, (4) 
belongs to the systems of equations that one obtains by setting equal to zero all 
(n+ 1) x (n+ 1) determinants of the matrix (11), and therefore, according to the 
theorem cited above, it admits the r-term group Q)/f,...,Q,f. 

The important property of the system of equations (4) just proved can also yet be 
realized in another, somehow more direct way. 

According to p.[120]and to p.[231] the system of equations (4) admits in any case 
the r-term group 2) f,...,Q,f only when all equations of the form: 


Qj (ev (x) — Viv (y)) = Xj Pev (x) Yj Vey (y) = 0 


are a consequence of (4). That this condition is satisfied in the present case can be 
easily verified. 
Por j= l.,randk= 1... —n, we have: 


[Xi Xete| = he rie y OW Xef 


— y Xj Oey Xv f + iy Pry [X;, Xv]. 


v=1 v=1 


Moreover, we have in general: 


P 
[Xj, Xp] = LL CjunXnf = is fein + 3 > Cinnie re b Xu 


t=1 v=1 tT=1 


If we insert these values in the preceding equation and if in addition, we take into 
account that X) f,...,X,f are not linked together by a linear relation, we then find: 


' Giemae f 


Xj Pky = Ci,ntk, vt y Cintk,n+t Orv 
t=1 


= z out env+ Z Cj, u, meer} 


(12) 


Consequently, we have: 


Xj Pv = Ty (P11, —12, eee) (G=1l-r; k=1--r—n; v=1--7r), 
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and a completely similar computation gives: 


Yj Viv = Tjev(Wi, Wiz, ---), 


where in the two cases ITjxy denote the same functions of their arguments. 
At present, we obtain: 


2Q5 (Prev — Vev) = Tjev (G11, Pr2, ---) — Wiev(Wit, Via, ---), 


from which it is to be seen that the expressions Qj(@yv — Wey) effectively vanish by 
virtue of (4). 

In general, the n(r — 1) equations @gy (x) = Wey (x) are not be mutually indepen- 
dent, but rather, they can be replaced by a smaller number of mutually independent 
equations, say by the following s — p < s following ones: 


(13) OE Rigs Xe b= WE ca Ve) (k=1--s—p). 


Naturally, each X; @, will then be a function of @1,...,@s—p alone: 


(14) Xj Pk = Ti Pi, ---,Ps—p) (j=1l--r; k=1--s—p), 


and every Y; Wz will be the same function of W,..., Ws—p: 


(14") Yj We = Wje(Wi,---, Ws—p) (j=1--r; k=1--s—p), 


hence all Q;(@% — YW.) vanish by virtue of the system of equations: @; = Wj, ..., 
sp = Ws—p. But since this system of equations is presented under a form which 
satisfies the requirement set on p.[119|sq., then according to p. and to p. 
we conclude that it admits the r-term group Q,f,...,Q,f. 

Now, if s— p =s, so p =0, then the s equations Q, = Wy, ..., Ps = Ws actually 
represent already a transformation in the variables x1,...,Xs, Y1,---,s. This trans- 
formation obviously transfers X,f,...,X;f to Y,f,...,¥;f, respectively, and at the 
same time, it is the most general transformation that does this. 


Thus, the case s— p =s is settled from the beginning, but by contrast, the case 
S—p <-s requires a closer study. 


In order to simplify the additional considerations, we want at first to introduce 
appropriate new variables in place of the variables x and y. 

The n mutually independent equations: X; f = 0, ..., X,,f = 0 form an n-term 
complete system in the s variables x;,...,x;, hence they have s —n independent 
solutions in common, and likewise, the n equations: Y; f = 0, ..., ¥,f = 0 in the 
variables y;,..., ys have exactly s —n independent solutions in common. 

It stands to reason to simplify the infinitesimal transformations X1f,...,X;f and 
Yi f,...,¥-f by introducing, in place of the x, new independent variables of which 
s —n are independent solutions of the complete system: X;f = 0, ..., Xnf = 0, 
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and by introducing, in place of the y, new independent variables of which s —n are 
independent solutions of the complete system: Y; f =0,..., ¥,f = 0. 

On the other hand, it stands to reason to simplify the equations (13) by introduc- 
ing the functions @ (x),...,@s—p(x) and Wi (y),..., Ws—p(y) as new variables. 

We want to attempt to combine the two simplifications as far as possible. 

At first, we start by introducing appropriate new variables in place of the x. 

Amongst the solutions of the complete system X; f = 0, ..., X,f = 0, there can 
be some which can be expressed in terms of the functions @; (x), ..., @s—p(x) alone; 
all solutions F'(@),...,@s—p) of this nature determine themselves from the n differ- 
ential equations: 


OF 
(15) > Xe qv oe =2 Tv (Pi, +++ sp) 5a = 0 edie) 
in the s— variables @),...,@s—p. We want to suppose that these equations possess 


exactly s — q < s—p independent solutions, say the following ones: 


SiC Diya +«y Drap), gee aig Mo gl Pi,.+<, Prop). 


Under these assumptions: 


SE (Oi) jaca Ppsp a) = tea), tangy Spy Oi) sg Op) = eg) 


are obviously independent solutions of the complete system: X; f = 0, ..., Xnf =0 
which can be expressed in terms of @(x),...,@s—p(x) alone, and such that every 
other solution of the same constitution is a function of uw; (x),...,Us—g(x) only. Nat- 
urally, we also have at the same time the inequation: s — g < s —n, hence none of 
the two numbers p and n is larger than q. 
Now, let: 
Us—g+1 = Us—g+l Gar very Us—n = el x) 

be g —n arbitrary mutually independent solutions of the complete system X; f = 0, 

X,f = 0 that are also independent of w)(x),...,Ws—q(x). We will show that the 
s—p+q-—n functions: us—g+1(x), ..., Us—n(X), P1(X),---,Ps—p(x) are mutually 
independent. 

Since @(x),...,@s—p(x) are mutually independent, there are, amongst the func- 
tions Q(x), ...5 Ps—p(X), Us—g+1(X), --+5 Us—n(x) at least s— p, say exactly s—p + 
q—n-—h that are mutually independent, where 0 < h < q—n. We want to sup- 
pose that precisely @1(x), ..., Ps—p(X), Us—g+h+i (X), «.+5 Us—n(X) are mutually in- 
dependent, while us—9+1(x), ..., Us—g+n(x) can be expressed in terms of @;(x),..., 
Ps—p(X), Us—g+h+1(X), ..+, Us—n Only. Thus, there must exist, between the quantities 
Us—g4+1)+++sUs—n» Q1,---, Ps—p relations of the form: 


(16) Ugg =X Uses s++)Us—ny (1, Sans Qs—p) (j=1--h) 


which reduce to identities after the substitution: 
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(17) -_ = Us—gq+1 (2), .+0) Usn = Us—na(x) 
Q| = (1 (x), o3818i9 Ps—p = Ps—p (x). 


If we interpret the substitution (17) by the sign | ], we then have: 


[us—q+j — Xj] =0 (j=1--h), 
whence it comes: 
s—p OX; 
Xx [Us—qtj —%j] = — 2 [Zev (P1,--+,Ps—p)] cs =0 (k=1---n; j=1--h), 
v=1 Pv 


that is to say: all the expressions: 


aX; 


s—p 
(18) L Tv (P1s-++» Psp) Fa 


vanish identically after the substitution (17). But now, these expressions are all free 
Of Us—g41,--+,Us—g+h, SO if they were not identically zero and they would vanish 
identically after the substitution (17), then the functions us_94n41(X), -.., Us—n(X), 
(1 (x), ---5 Ps—p(x) would not be mutually independent, but this is in contradic- 
tion to the assumption. Consequently, the expressions (18) are in fact identically 
zero, or, what amounts to the same, the functions 71,...,%, are solutions of the n 
differential equations (15) in the s— p variables @),...,@s;—p. From this, it results 
that @,...,@s—p appear in the 7; only in the combination: {1 (@1,...,Q@s—p), ---; 
Us—gl Pi, shag Ps—p)s so that the / equations (16) can be replaced by h relations of 
the form: 


(19) Us—gtj = 2 j(Us—qthtts +++) Us—n, Uiaaagiieg) (j=1--h), 
which in turn reduce to identities after the substitution: 
uj = Uj (x), seey Us—n = isn \X). 


Obviously, relations of the form (19) cannot exist, for w1,...,uUs—, are inde- 
pendent solutions of the complete system X;f = 0, ..., X,f = 0; consequently, 
h is equal to zero. As a result, it is proved that the s— p+ q-—vn functions 
(1 (x),---; Ps—p(X), Us—q4+1(X), ..+, Us—n(x) really are independent of each other. 

We therefore see that, between the s—n-+s5—p quantities u,...,Us—pn, 
(,---,Qs—p, no other relations exist that are independent from the s — q relations: 


(20) uj = Lh (M1, sey Ps=p); sey Us—q = Us—q(O1, sey Ps—p) 
which reduce to identities after the substitution: 


uy = uy (x), see) Us—qg = Us—q(X), —1 = P| (x), aR Ps—p = Ps—p (x). 
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From what has been just said, it results that, amongst the s—n-+.s—p functions 
U(X), «++, Uy—n(X), O1(X), -- +s Py—p(x), there exist exactly s—n+s—p—(s—q)= 
s—n-+q-—p that are mutually independent, namely for instance the s —n functions: 
uj(X),--.,Us—n(x) to which qg—p > 0 of the functions @ (x),...,@s—p(x) are yet 
added. If we agree that the equations (20) can be resolved precisely with respect to 
q—p+1>-++,Ps—p, we can conclude that precisely the s—n-+q— p functions: u(x), 
.++yUs—n(X), Q1(X),---, Pg—p(x) are mutually independent. Here, the number q—p, 
or shortly m, is certainly not larger than n, since the sum s —n +g — p can naturally 
not exceed the number s of the variables x. 

At present, we have gone so far that we can introduce new independent variables 
x ,-++,X, in place of x1,...,Xs; we choose them in the following way: 

We set simply: 


Heid =i ices ly wees es eae oer) | 
furthermore: 
Ae = Us—g41(%1,---,%s), tee 5 es Riga: 
and: 
x = Pi (Xip24<5 Ny) e889 Lm = Dial FigsosgXe); 


where m = q — £ is not larger than n; in addition, we yet set: 
/ / 
Heit = Ad Hig ohn By), 009. Ey = Ann My <esg Xe), 


where A; (x),...,An—m(x) denote arbitrary mutually independent functions that are 
also independent of u(x), ..., Us—n(x), (x), ---5 Om(X). 
In a completely similar way, we introduce new independent variables in place of 


Viy++ +s ¥s- 
We form the s — g functions: 


Sh (Wi Geer Ws—p(y)) =vi(y), -- Leg (Wi(y), sey Ws—p(y)) = Vs—q(y) 


that are evidently independent solutions of the n-term complete system: Y; f = 0, 
..., Yn f = 0; moreover, we determine any g —n arbitrary mutually independent 
solutions: v;_441()), -.., Vs—n(y) of the same complete system that are also inde- 
pendent of v1 (y), ..., Vs—g(y). Then it is clear that the s—n + q—p functions: 


vi(y), sey Veal Vy): W(y), ae) Wo—p(y) 


are mutually independent. 

We now choose the new variables y;,...,y/, in exactly the same way as the vari- 
ables x’ a short while ago. 

We set simply: 


Yori =P Pisesng Ve), oe) yi, = Vesg (Vixessy Vo) 


furthermore: 
ae = Vang ti 15 site séVels Eke Yq = Veal Vise aie sMely 
and: 
yj = Wi Mipsis Ve): trey Yin =— Worl Vigenns¥e)s 
in addition, we yet set: 
viel = AMV ipias Ve) ey | y,, = Natal Vins osu Ven 
where Aj,..., An—m are arbitrary mutually independent functions that are also inde- 


pendent of: v;(y), ..., Vs-n(y), Wily), ---> Win(y)- 

At present, we introduce the new variables x’ and y’ in the infinitesimal transfor- 
mations X;,f, Y;f and in the equations (13). 

Since all X;,.x/ .., X¢x, vanish identically and since all X;Q1, ..., X¢@m de- 


n+1?° 
pend only on @,...,@s—p, that is to say, only on x},...,%n, Cte the X,f 
receive the following form in the variables x}... x): 
m of 
/ / j / 
Xf = y i ihe Hi plage, >I 
L=1 ay 
n-m Of 
/ / / / = 
a ys fie sats -+)Xms Mrs X qs cA ox! = Ef. 
j=l Xm-+j 
In the same way, we have: 
m Of 
/ / / / 
Xf = > ar Geers en Y eigeryg Ay! a 
u=l Yu 


n—-m 


Of 
=F y Didi Vi iets coh) sandy.) oy... = Af. 


j=l m+j 
Here, the 44) 3.015 Ions Va .1>+++sY4) denote the same functions of their arguments 
as the rey (%},---s%inyXy4ir+++r%y)- ‘Indeed, it results from the equations (14) 
and (14’) that ¥,y,, is the same function of yj,..-,Yin» Visteon as Xxx, is of 
Ki piieg Mens xX 4.1o++ «+44, Where it is understood that 1 is an arbitrary number amongst 
| Pe 8 


On the other hand, we must determine which form the system of equations (13) 
receives in the new variables. 
The system of equations can evidently be replaced by the following one: 


Pi — Wi = 9, ania: Pn — Wn = 9, 
£4 (@1, +++, Psp) — Lh (Wi, «.., Hp) =0, seh 
Mog  @ije.+5 Pr—p) —Ly-g(Wisss5 Wop) = 0. 
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If we introduce our new variables in this system, we obviously obtain the simple 
system: 


xi-Y =0, eo ey Xm —Ym = 0, 
(21) ! / / ! : 
Xg+1 — Yq+l = 0, vee Xs TVs = 0; 
so the system of equations (13), or, what is the same, the system of equations (4), 
can be brought to this form after the introduction of the new variables. 

Finally, if we remember that neither X, f,...,X,,f, nor Y, f,...,Y,f are linked by 
linear relations and that all (7 + 1) x (n+ 1) determinants of the matrix (11) vanish 
by means of (4) while not all n x n determinants do, we then realize that in the same 
way, neither 4) f,...,2,f, nor H)f,...,H,f are linked by linear relations, and that 
all (n+ 1) x (n+1) determinants, but no all n x n ones, of the matrix which can be 
formed with the coefficients of the differential quotients of f in the r infinitesimal 
transformations Q;f = =, f+ H;,f vanish by means of (21). 


Thanks to the preceding developments, the problem stated in the outset of the 
paragraph, p. is lead back to the following simpler problem: 

To seek, in the 2s variables x',,...,X, Y1,---,Yy @ system of equations which 
admits the r-term group: 


Qf = Ef + Af (k=1--r) 


and in addition which consists of s independent equations that are solvable with 
respect to x,,...,x, and to y\,...,y\,as well, and lastly, which comprises the s — q+ 
m equations (21). 

In order to solve this new problem, we remember Chap. [14] p.[239]sq.; from what 
was said at that time, we deduce that every system of equations which admits the 
group =, f+ A,f = Q;f and which comprises at the same time the equations (21) 
can be obtained by adding to the equations (21) a system of equations in the s+ 


: / / / / vd / / u 
G= Mt Vatiales X45 «is Ayn o335 Xp wang Xe ees Xo ees Ving tree Wg that admits the 
r-term group: 
m oF 
ey. / / / / 
2Q f= » sr ec eee om R sdgntel |) ay 
H=1 a 
n—-m Of 
/ / / / / 
— a Jae (pean, Semen Orme. apnea) ay a 
j=l m+ j 
n—-m Of 
/ / / it. / / / 
a Dewy Cat as Ym+loe+ 9 Ynoe 9 qo Bh gaia) ‘a 
j=l Ym+j 


Here, Q;f is obtained by leaving out all terms with 0f/doy;, ..., Af/dy}, in 
Qf = =f +H,f and by making everywhere the substitution: 
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roy ros fe ach er | 
Vy X15 +009 Vin =%mr Vga =X%gt.s -+01 Vy = Hs 


by means of (21) in the remaining terms. This formation of Q)f shows that in the 
matrix formed with Q,f,...,Q,/f: 


Fii(x’) © + Fin’) Dimer (sy) > Din(2’,y’) 
(22) ors ae : _ ‘ 
trl (x’) = tat) Wrmii(*.y) a Gales y) 
all (n+ 1) x (n+ 1) determinants vanish identically, but not all n x n ones. If we yet 


add that neither =) f,...,4,f nor HM, f,...,H,f are linked by linear relations, we 
realize immediately that in particular the two n x n determinants: 


(23) y +411 (x’) are onl) 
and: 

tile) * + fin) Bigg) = + Dine 7) 
(24) “gee ; 7 : 
tnl (x) a en ae Vent ey) aa Hunla'.9) 


are not identically zero. 

But now, the matter for us is not to find all systems of equations which com- 
prise (21) and which admit the group Q,f,...,Q,f, and the matter is only to deter- 
mine systems of equations of this sort which consist of exactly s independent equa- 
tions that are solvable both with respect to x},...,x/, and to y},..., 4. Consequently, 
we do not have to set up all systems of equations in x1,..- X55 Ying js+++sq Which 
admit Q,f,...,Q,f, but only the systems which consist of exactly s—(m-+s—q) = 
q —™m independent equations and which in addition are solvable both with respect 
tO. aye g Xp ede My AN WI TESpOCt 10 Y_iayeeig Vara ig) 9: 

If a system of equation in x},...,,, Yinyys++++Yq Satisfies the requirement just 
stated, then it can be brought to the form: 


/ / / ‘) 


/ / Fi 
C2) Me ek 2 crepes, emer, apes, fereeee, (j=1--q—m), 


where the functions ®,,,1,..., ®, are in turn independent relatively to x appets Me 
Now, it is clear that a system of equations of the form (25) cannot bring to zero 
all n x n determinants of the matrix (22), since in any case, the determinant (23) 
cannot be equal to zero by virtue of (25). On the other hand, since all (n+ 1) x 
(n+ 1) determinants of (22) vanish identically, then according to Chap. [14] p. 
it comes that every system of equations of the form (25) which admits the group 
OQ, f,...,Q,f is represented by relations between the solutions of the equations: 
Qf =0,...,2,f =0, or, what is the same, by relations between the solutions of 
the n-term complete system: Qf =0,..., Q,f =0. 
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The n-term complete system QO; THU, dies Qn f =O contains s + g—™m indepen- 
dent variables and possesses therefore s —n + g —m independent sarutions) one can 
ae indicate s —n-+q-—n independent solutions, namely: x), pray Me oer 
x. yi, dais Sacks Vis while the n — m lacking ones must be determined by integration 
and can obviously be brought to the form: 


/ / / / / / 
Le eee eater aorey, is oe ee i)s oe] Win 8 sets oer Lan See 7 a 


Since the two determinants (23) and (24) do not vanish identically, the equa- 
tions of our complete system are solvable both with respect to df/dx), ..., 


less -+x3 Of /Ox, and with respect to Of/dx); «.<; Of /Ox,s OF1 2 ms 


, OF / ay, ane therefore, its s-n+q—m independent solutions x’ ne) sg 

y. iene Wisc se m are mutually independent both setouvely. to x), eee 

er eee and telatively 0-2,,,44) «+24 Mys<s<9 Rye vera Be Vp epieisay 

(cf. Theoret 12, p. LLO2! Consequently. the functions @,...,@j,—m are mutually 
independent both relatively to yi, peed} y;, and relatively to x), seyeae a 

Every system of equations (25) which satisfies the siales requirements is repre- 

sented by relations between the solutions x), ifeias ie sa ee Va OF stn an 


and to be Prose, by g—m relations that are Solvable both with respect to 


Yinttr+++1Yq and with respect to x,,.1,---,%q- Wisibly, these relations must be 
oul both with respect to @,...,@n—m, x), aie ey and with respect to 
Dig a04 gis ise Ves so they must have the form: 
/ / / / / 
Oy (X1,-- ee one ene ore se ne ee aa) = Hit Magtie iN gye esse) 
(26) (U=1---n—m) 
! =Thi< ! ! =f ! ! ! 
Ynt+1 = 1 eptise: spgateia ty) sess Va = fe Coun reer fe pe) 
where IT), ..., 1[g—n are mutually independent relatively to Xn aiieesolys 
Conversely, every system of equations of the form (26) in which IT,...,Tg—n 
are aay independent cae to x), +17 “hy is solvable both with respect to 
we Tere ceey and v with respect to xi, ses iy aie since in addition, it admits the 
group Q,f,...,Q,f, then it possesses all properties which the sought system of 
equations in the variables x}... ,X4, Ying 1s-++»Yq Should have. 


From this, we conclude that the equations (26) represent the most general system 
of equations which admits the group Q,f,...,Q,.f, which consists of exactly g—m 
independent equanons: and which is solvable both with respect to yj, ens Va and 
with respect to any sips re about it, ¥71,.-.,%n—m are absolutely arbitrary functions 
of their arguments and: IT,,...,Tg—n as well, though pe the restriction for the latter 


/ 
that they must be mutually ep ei relatively to x}, pre rXge 


Thus, if we add the system of equation (26) to the equations (21), we obtain the 
most general system of equations in x/,...,x(, Y},---,, Which admits the group 
Q, = =f + Hf, which comprises the equations (21), which consists of s inde- 
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pendent equations and which is solvable both with respect to xj,...,x, and with 
respect to y,,...,),. Finally, if, in this system of equations, we express the variables 
x’ and y’ in terms of the initial variables x and y, we obtain the most general sys- 
tem of equations which admits the group Q;f = X;f+Y;f, which comprises the 
equations (4), which consists of s independent equations and which is solvable both 
with respect to x,,...,X; and with respect to y,,..., ys. In other words: we obtain 
the most general transformation y; = ®;(x;,...,x;) which transfers X; f,...,X;f to 
Y\ f,...,¥,f, respectively. 

As aresult, the problem stated on p.B43lis settled, and it has been achieved even 
more than what was actually required there, because we not only know a transfor- 
mation of the demanded constitution, we know all these transformations. At the 
same time, the claim stated on p. B42]is proved, namely it is proved that the two 
groups X,f,...,X,-f and Z,f,...,Z,-f are really similar to each other, under the as- 
sumptions made there. 

Lastly, on the basis of the developments preceding, we can yet determine the 
most general transformation which transfers the group X,f,...,X;f to the group 
Z,f,..-,Z,f; indeed, if we remember the considerations of p. sq., and if we 
combine them with the result gained just now, we then see immediately that the 
transformation in question can be found in the following way: In the infinitesimal 
transformations: 


Kf =) a jZif (k=1--r) 
j=l 


defined on p. one chooses the constants 3;; in the most general way and af- 
terwards, following the method given by us, one determines the most general trans- 
formation which transfers X,f,...,X;f to Y f,...,¥,f, respectively; this then is at 
the same time the most general transformation which actually transfers the group 
At} ysscagdyf 10 The CLOUp 24. Fo 0uqe ef, 

As the equations (26) show, the transformation found in this way contains n — 
m+q—n=q-—m arbitrary functions of s—n arguments, and in addition, certain 
arbitrary elements which come from the g;;; these are firstly certain arbitrary pa- 
rameters, and secondly, certain arbitrarinesses which come from the fact that the 8; ; 
are determined by algebraic operations. From this, it follows that the said transfor- 
mation cannot in all cases be represented by a single system of equations. — 

At present, we summarize our results. 

At first, we have the 


Theorem 65. Two r-term groups: 
AY 
Af = y! CK Mpa as 5 Xe) an (k=1--r) 
i=1 Xi 


ana: 


Z =% i(V1,---5¥s) a k=l-er 
Kf L Geilo Ys) By. ( ) 
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in the same number of variables are similar to each other if and only if the following 
conditions are satisfied: 
Firstly: the two groups must be equally composed; so, if the relations: 


r 


[Xi, Xx] = L Ciko Xof 


hold, it must be possible to determine r? 


transformations: 


constants gx; such that the r infinitesimal 


Def = >) eg Zit (k=1--r) 
= 


are mutually independent and such that the relations: 


r 


Di, De] = L Ciko Vof 


are identically satisfied. 
Secondly: if X, f,...,X;f are constituted in such a way that, X\f,...,Xnf (say) 
are linked together by no relation of the form: 


K(X 5+ ++ %s) Xi f+ + An, ---5%s) af = 0, 


while by contrast X41 f,...,X;f express themselves linearly in terms of X\ f,...,Xnf: 
n 
Xnikf = 3 ey (Xign.ig Xs) Xf (k=1--r—n), 
v=1 


them amongst the systems of gx; which satisfy the above requirements, there must 
exist at least one, say the system: gj = 8%}, which is constituted in such a way that, 
of the r infinitesimal transformations: 


Vif = \e Bj Zif (k=1--7), 
j=l 


the first n ones are linked together by no linear relation of the form: 


Walyi,---¥s) Vf +--+ Wa(1,---,¥s) Mnf =, 


while Y,41f,...,¥;f express themselves in terms of Y, f,...,Ynf: 
nN 
Yrtef = Vo Wav, ---s¥s) of (k=1--r—n), 
v=1 


and such that in addition, the n(r —n) equations: 


Prev (21, ---5%s) — Wev 1, ---,¥s) =O (kK=1--r—n; V=1--n) 
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neither contradict themselves mutually, nor produce relations between the x alone 
or between the y alonelll 


Moreover, we yet have the 


Proposition 2. [f the two r-term groups X,f,...,X;f and Z| f,...,Z,f are similar 
to each other and if the r infinitesimal transformations: 


Vf =\) a jZif (k=1--r) 
j=l 


are chosen as is indicated by Theorem 65, then there always exists at least one 
transformation: 


Vi = Diesels aany Ve = Digs) 


which transfers X\f,...,X;rf to Yf,...,¥,-f, respectively. One can set up each 
transformation of this nature as soon as one has integrated certain complete 
systems. One obtains the most general transformation which actually transfers 
the group X\f,...,X;f to the group Z\f,...,Z,f by choosing the constants %;; 
in the Y,f in the most general way, and afterwards, by seeking the most general 
transformation which transfers X\f,...,X;f toY,f,...,Y,f, respectively. 


The complete systems which are spoken of in this proposition do not at all appear 
in one case, namely in the case where the number p defined earlier on is equal to 
zero, hence when amongst the n(r—n) functions @gy(x1,...,xs), there are exactly s 
which are mutually independent. Indeed, we have already remarked on p. B53] that 
in this case, the equations: 


Pry (21, ---,%s) = Wev 1, --+,¥s) = 0 (k=1--r—n; V=1--n) 


are solvable both with respect to yj,..., ys and with respect to x,,...,xs, and that 
they represent the most general transformation which transfers X)/f,...,X;f to 
Y| f,..-.,¥-f, respectively. 

On the other hand, there are cases in which the integration of the mentioned com- 
plete systems is executable, for instance, this is always so when the finite equations 
of both groups X,/f,...,X;f and Y, f,...,¥Y,f are known; however, we cannot get 
involved in this sort of questions. 


92. 


Let the two r-term groups X,f,...,X,f and Z f,...,Z, be similar to each other, so 
that the transformations X, f,..., Xf convert into the infinitesimal transformations 
of the other group. 

If we now choose r independent infinitesimal transformations: 


+ LIE, Archiv for Math. og Naturv. Vols. 3 and 4, Christiania 1878 and 1879; Math. Ann. Vol. XXV, pp. 96-107. 
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Yf=Y)o sjZif (k=1--r) 
j=l 


in the group Z,f,...,Z,f, then according to what precedes, there exists a trans- 
formation which transfers X,f,...,X,f to Y, f,...,¥,f, respectively, if and only if 
Yi f,...,¥-f possess the properties indicated in Theorem 65. 

We assume that Y f,...,Y,f satisfy this requirement and that yj = ®j(x1,..., xs) 
is a transformation which transfers X,f,...,X-f to Yf,...,¥,f, respectively. 
Then by the transformation y; = ®;(x), the general infinitesimal transformation: 
e;X,f+---+e,-X-f receives the form: e; Yj f+---+e,-Y,f, hence our transforma- 
tion associates to every infinitesimal transformation of the group X)f,...,X;f a 
completely determined infinitesimal transformation of the group Z)f,...,Z,f, and 
conversely. The univalent and invertible relationships which is established in this 
way between the infinitesimal transformations of the two groups is, according to 
p. a holoedrically isomorphic one. 

Now, let nae ...,x9 be a point in general position, i.e. a point for which the trans- 
formations X)f,...,Xn' produce n independent directions, so that the functions 
Pv (x) in the identities: 


(3) Xntkf = Yi Pev(a1,---s%n) Xvf (k=1--r—n) 
v=l 


behave regularly. According to Chap. [11] p. (212) the infinitesimal transformations 
e,X,f+---+e,-X,f that leave invariant the point ro ie sxe have the form: 


r—-n n 
(27) y Ek {Kovef ~ be ev (x1, oe La) kot } 
k=1 v=l 
where it is understood that €),...,€-—, are arbitrary parameters, and all these 


infinitesimal transformations generate an (r —n)-term subgroup of the group 
Xif,...,Xrf. 


If, in the identities (3), we introduce the new variables y;,..., ys by means of the 
transformation: y; = ®;(x;,...,x;), then we obtain between Y, f,...,Y,f the identi- 
ties: 

n 
(3’) Yaskf = Y Wev01--59s) Wf (k=1-r=n). 
v=1 


Hence with y? = ®;(x?, add ae) after the introduction of the variables y, the in- 
finitesimal transformation (27) is transferred to: 


(27°) y ec Yok y Win dfa--39)¥ef } 
k=1 = 


v=1 
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that is to say, to the most general infinitesimal transformation e; Y; f +---+e-Y¥-f 
which leaves fixed the point: oe ...,y? in general position. At the same time, all 
infinitesimal transformations of the form (27’) naturally generate an (r —)-term 
subgroup of the group Z,f,...,Z,f. 

In that, we have an important property of the holoedrically isomorphic re- 
lationship which is established between the two groups by the transformation: 
yi = @(x1,...,Xs). Indeed, to the most general subgroup of X)f,...,X;f which 
leaves fixed an arbitrarily chosen point: ae ...,x9 in general position, this holoedri- 
cally isomorphic relationship always associates the most general subgroup of 
Y, f,..-,;¥,-f which leaves fixed a point: y?, oe we in general position. Exactly the 
same association is found in the reverse direction; in other words: when the point: 
Ta riseth. runs through all possible positions, then the point: eee also runs 
through all possible positions. 

Now conversely, for two r-term groups in the same number of variables to be 
similar to each other, then obviously, one must be able to produce between them a 
holoedrically isomorphic relationship of the constitution just described. We claim 
that this necessary condition is at the same time also sufficient; we will show that 
the two groups are really similar, when such a holoedrically isomorphic relationship 
can be produced between them. 

In fact, let Z; f,...,Z, be any r-term group which can be related in a holoedri- 
cally isomorphic way to the group X;f,...,X;f in the said manner; let e; Yj f+---+ 
e,Y,f be the infinitesimal transformation of the group Z| f,...,Z, which is asso- 
ciated to the general infinitesimal transformation e; X; f +---+e,X;,f of the group 
X\f,...,X,f through the concerned holoedrically isomorphic relationship. 

If X, f,...,Xnf are linked together by no linear relations, while X,,41f,...,Xf 
can be expressed by means of X1/f,...,X,f in the known way, then the most gen- 
eral infinitesimal transformation contained in the group X,f,...,X;f which leaves 


invariant the point: ae ...,x9 in general position reads as follows: 
rn n 0 

(27) a ex | Knee - > diols oat) Xu} 
k=1 v=1 


Under the assumptions made, to it corresponds, in the group Z)f,...,Z,f, the in- 
finitesimal transformation: 


r—n 


(28) Y ex Yost — ee drole eh, 
v=1 


k=1 


which now is in turn the most general transformation of the group Z)f,...,Z-f 
which leaves at rest a certain point: y?, ...,y? in general position. Here, if the point 
cof ...,x9 runs through all possible positions, then the point x, ..., 0 does the same. 

Since (28) is the most general infinitesimal transformation e; Y, f +---+e,-Y,f 
which leaves invariant the point: e seach a in general position, Y f,...,¥,f can be 


linked together by no linear relation, and by contrast, Yni1f,...,¥;f must be ex- 
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pressible by means of Y, f,..., Y,,f in the known way. From this, we deduce that the 
most general infinitesimal transformation e; Y; f+ ---+e,Y¥,-f which leaves fixed 
the point: y?, ...,y? can also be represented by the following expression: 


(28’) y e, {Youu — y! Viv (99, 98) ref} 


k=1 v=1 


Evidently, every infinitesimal transformation contained in the expression (28) is 
identical to one of the infinitesimal transformations (28”), so for arbitrarily chosen 


€1,...,€—n, it must always be possible to determine €/,...,€/_,, so that the equa- 
tion: 
= F=f 0 0 
/ 
dle — &) Yarn f — y apo Ek Pkv(X) — & Wiev (y ) rr =0 
k=1 k=1 


is identically satisfied. 
Because Y, f,...,Y, are independent infinitesimal transformations, the equation 
just written decomposes in the following ones: 


| Moma 2 


&—g%=0, = YL (€;Qjv(x°)—e; wiv) =0 
(29) j=l 


(k=1--r—n; V=1--n). 
From this, it comes immediately: 
/ / 
£) S Big 10; Eee = Es 
and in addition, we obtain thanks to the arbitrariness of the €, yet the equations: 


Gale: Beis a) _ Viv (v?, ane sy?) =0 (kK=1--r—n; V=1--n), 


which must therefore, under the assumptions made, hold for the two points ra esta 


and ¥, ..., 92. At present, if we still remember that the point ee ...,Y? runs through 
all possible positions, as soon as i ...,x9 does this, then we realize immediately 


that, under the assumptions made, the n(r — n) equations: 


(4) Dry (X1,--- Xs) — Wev(1,---¥s) =O (k=1--r—n; V=1--n) 


are compatible with each other and produce relations neither between the x alone, 
not between the y alone. 

According to Theorem 65, p. it is thus proved that the two groups 
Xi f,...,X,f and Z| f,...,Z,f are similar to each other, and this is just what we 
wanted to prove. 

We therefore have the 
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Proposition 3. Two r-term groups G and I in the same number of variables are 
similar to each other if and only if it is possible to relate them in a holoedrically 
isomorphic way so that the most general subgroup of G which leaves invariant 
a determined point in general position always corresponds, in whichever way the 
point may be chosen, to the most general subgroup of I’ which leaves invariant a 
certain point in general position, and so that the same correspondence also holds 
in the reverse direction. 


But at the same time, it is also proved that, under the assumption made right 
now, there exists a transformation: y; = ®;(x;,...,x;) which transfers X,f,...,X,f 
to Y\ f,...,¥,-f, respectively. We can therefore also state the following somewhat 
more specific proposition: 


Proposition 4. [f the r independent infinitesimal transformations: 


AY Of 
Xf = Y Eei(x1,--. Xs) = i) 
i=l Ox; 
generate an r-term group G, and if the r independent infinitesimal transformations: 
S of 
Xf = ma(yi,---5¥s) = (k=1---r) 
i=l Oy; 
generate an r-term group I’, then there is a transformation: y; = ®;(x1,...,Xs) 


which transfers Xf ,...,X;f toY,f,...,Y,f, respectively, if and only if the following 
conditions are satisfied: 

Firstly: if G contains exactly r —n independent infinitesimal transformations 
which leave invariant an arbitrarily chosen point in general position, then I” must 
also contain exactly r—n independent infinitesimal transformations having this 
constitution. 

Secondly: if one associates to every infinitesimal transformation e, X,f +-+++ 
e,X,f of G the infinitesimal transformation e; Y, f +---+e,Y,f of I’, then the two 
groups must be related to each other in a holoedrically isomorphic way, in the 
manner indicated by the previous proposition. 


Because the most general subgroup of G which leaves invariant a determined 
point in general position is completely defined by this point, and moreover, because 
the holoedrically isomorphic relationship between G and I” mentioned several times 
associates to every subgroup of G of this kind a subgroup of I” constituted in the 
same way, it follows that this relationship between G and I also establishes a corre- 


spondence between the points x;,...,x,; and the points y,,..., ys; however, this cor- 
respondence is in general infinitely multivalent, for to every point x;,...,xs there 
obviously correspond all points y,,...,ys which satisfy the equations (4), and in- 


versely. As a result, this agrees with the fact that there are in general infinitely many 
transformations which transfer X,f,...,X;f to Y f,...,Y,f, respectively. 
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For transitive groups, the criterion of similarity enunciated in Proposition 3 turns 
out to be particularly simple. We shall see later (Chap. that two r-term transitive 
groups G and I in the same number, say s, of variables are already similar to each 
other when it is possible to relate them in a holoedrically isomorphic way so that, to 
a single (r— s)-term subgroup of G which leaves fixed one point in general position 
there corresponds an (r —s)-term subgroup of I” having the same constitution. 


If an r-term group: 


: y 
X.f=) Built. oa) SL (k=1--r) 
i=] Ll 


having the composition: 
P 
Xi, XJ = Vo cio Xof 
o=1 
is presented, then one can ask for all transformations: 
eo ee (i=1---s) 


that leave it invariant, namely one can ask for all transformations through which the 
group is similar to itself. 

Thanks to the developments of the previous paragraphs, we are in a position to 
determine all the transformations in question. 

To begin with, we relate in the most general holoedrically isomorphic way the 
group X1f,...,X;f to itself, hence we choose in the most general way r independent 
infinitesimal transformations: 


Ef =o gkiXif (k=1-1) 


jJ=1 


that stand pairwise in the relationships: 
‘ 
(=, Sr = ), cre Sas. 
al 


Afterwards, we specialize the arbitrary elements contained in the g;; in such a way 
that the following conditions are satisfied: when there are no relations between 
Xi f,...,Xnf, while X,41f,...,X-f express themselves by means of X1f,...,Xnf: 


Xntkf = y Diy (21, +X) Xv f (k=1--r—n), 
v=1 


then firstly, also =) f,...,2,f should be linked together by no linear relation, while 
by contrast 4,41 f,...,4,f also express themselves by means of =) /f,...,=,f: 
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n 
Fel =) Vievltiaydy) Svs (k=1--r—n), 


v=1 


and secondly, the n(r —n) equations: 


Wii Misiacet,) = Wy wana) (k=1+-r—n; V=1-n) 


should be mutually compatible, and they should produce relations neither between 
the x alone, nor between the x’ alone. 

If all of this is realized, then following the introduction of § 91, we determine 
the most general transformation x; = @;(x),...,xs) which transfers =) f,...,£,f to 
Xi f,...,X;f, respectively, where: 


i - Lal / of 
Xif= Qo Ce Gites ee) Ox, 


The transformation in question is then the most general one by which the group 
X\f,...,X,f is transferred to itself. 

It is clear that the totality of all transformations which leave invariant the group 
X\f,...,X,f forms a group by itself, namely the largest group in which X\f,...,X;f 
is contained as an invariant subgroup. This group can be finite or infinite, contin- 
uous or not continuous, but in all circumstances its transformations order as in- 
verses by pairs, because when a transformation x; = @;(x),...,x;) leaves the group 
X\f,...,X,f invariant, then the associated inverse transformation also does this. 

If by chance the just defined group consists of a finite number of different families 
of transformations and if at the same time each one of these families contains only 
a finite number of arbitrary parameters, then according to Chap. p. sq., 
there is in the concerned group a family of transformations which constitutes a 
finite continuous group; then this family is the largest continuous group in which 
X\f,...,X;,f is contained as an invariant subgroup. 

Up to now, we have spoken of similarity only for groups which contain the same 
number of variables. But about that, it was not excluded that certain of the variables 
were absolutely not transformed by the concerned groups, so that they actually did 
not appear in the infinitesimal transformations. 

Now, for the groups which do not contain the same number of variables, one can 
also speak of similarity; indeed, one can always complete the number of variables 
in one of the groups so that one adds a necessary number of variables that are 
absolutely not transformed by the concerned group. Then one has two groups in 
the same number of variables and one can examine whether they are similar to each 
other, or not. 

In the sequel, unless the contrary is expressly stressed, we shall actually interpret 
the concept of similarity in the original, narrower sense. 
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93. 


In order to illustrate the general theory of similarity by an example, we will examine 
whether the two three-term groups in two independent variables: 


Mf= sf Xo f =x] shim ot 
wf=954+(2nm +on) sf 
and: 
Yf ener oy yctty, a 
dy, Oyo Q dy? 
¥3f =y} siaygt 


are similar to each other. 
As one has remarked, the Y, f here are already chosen in such a way that one has 
at the same time: 


[X1, X| = Migs [X1, X3] — 2Xof, [Xo, X3] = X3f 


and: 
Mm, %] =Vif, 1,%)=2hf, [h, Bl) =wBSF 


Although the Y;,f are not chosen in the most general way so that the shown relations 
hold, it is nevertheless not necessary to do this, because the result would not be 
modified by this. 
We find: 
Xaf = — (xf +Cxx2)Xif + (2x1 +Cx2)Xof 
and: 
Bh=—ynyonf+Oi+y2) fs, 


whence one must have: 
yiy2 =x, + Cx x9, yi tye = 2x1 +Cx2. 


As long as the constant C does not vanish, these equations determine a transforma- 
tion, and consequently, according to our general theory, the two groups are similar 
to each other in the case C ¥ 0. But if C = 0, it comes a relation between y; and y2 
alone, hence in any case, there exists no transformation which transfers Xf, X2/, 
X3f to Y, f, Yof, ¥3f, respectively; one can easily convince oneself that in this case, 
the two groups are actually not similar to each other. 


94. 


Subsequently to the theory of the similarity of r-term groups, we yet want to briefly 
treat a somewhat more general question and to indicate its solution. 
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We imagine, in the variables x,,...,x;, that any p infinitesimal transformations: 
X\f,...,Xpf are presented, hence not exactly some which generate a finite group, 
and likewise, we imagine in yj,...,ys that any p infinitesimal transformations 


Y\ f,...,¥pf are presented. We ask under which conditions there is a transformation 
yi = Pi(x1,...,Xs) which transfers X) f,...,X)f to Yi f,...,Ypf, respectively. Here, 
we do not demand that X;f,...,X,f should be independent infinitesimal transfor- 
mations, since this assumption would in fact not interfere with the generality of 
the considerations following, but it would complicate the presentation, because it 
would always have to be taken into account. 

At first, we can lead back the above general problem to the special case case 
where the independent equations amongst the equations: X;f = 0, ..., Xpf = 0 
form a complete system. 

Indeed, if there is a transformation which transfers X|f,...,Xpf to Yi f,...,Ypf, 
respectively, then according to Chap. 4] p.[96] every expression: 


Xi(Xj(f)) —Xj(Xe(f)) = Xe, Xi] 


also converts into the corresponding expression: 
Yi (¥i(F)) —¥i(¥e()) = We, Vil. 


Hence, if the independent equations amongst the equations X; f = 0, ..., Xpf =0 
do actually not form already a complete system, then to X|f,...,Xpf, we can yet 
add all the expressions [X;, X;], and also, we must only add to Y| f,...,¥,/f all the 
expressions [Y;, Y;]. The question whether there exists a transformation of the de- 
manded constitution then amounts to the question whether there exists a transfor- 
mation with transfers X\f,...,Xpf, [Xx, Xj] to Vi f,.--,¥pf. (Ye, Yj], respectively, 
where one has to set for k and j the numbers 1,2,..., p one after the other. 

Now, if the independent equations amongst the equations: Xf =0,..., Xpf =0, 
[X;, Xj] = 0 also do not form a complete system, then we yet add the expressions 
[Xi, [Xx, X Al and the [[Xi, Xx], |X), X’]| , and the corresponding expressions in the 
Y f as well. If we continue in this way, we obtain at the end that our initial problem 
is lead back to the following one: 


In the variables x,,...,Xs, let r infinitesimal transformations: X,f,...,X;f be pre- 
sented, of which n <r, say X,f,...,Xyf, are linked together by no linear relation, 
while X,41f,...,Xrf can be linearly expressed in terms of X\ f,...,Xnf: 


n 
Xntkf = > Pav (X1,---.Xs) Xv f (k=1--n—r)3 
v=1 
in addition, let relations of the form: 


Xe X= Yo Pry (x1... Xs) Xvf (k, j=1--7) 
v=l 
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yet hold, so that the independent equations amongst the equations X,f = 0, ..., 
X,f =0 form an n-term complete system. Moreover, in the variables y,,...,ys, let r 
infinitesimal transformations Y\ f,...,Y, be presented. To determine whether there 
is a transformation y; = ®;(x,,...,Xs) which transfers X\f,...,X;f toYf,...,Y;f, 
respectively. 


For a transformation of the constitution demanded here to exist, Y, f,...,Y,f 
should naturally not be linked together by a linear relation, while Y,41/,...,Y,f 
should be linearly expressible in terms of Y, f,...,Y¥,f: 


Y¢f = y Viv 15+ +55 9s) Yf (k=1--r—n), 
v=l1 
and there should be relations of the form: 
[Ye, Yj =2 Viciv( Yi>- ~4¥s) YF (k, j=l--r). 


In addition, the equations: 


(30) { Prev (x1, ---5%s) — Wev 1, ---,¥s) =O 
Pk jv (X1,- . Xs) _ Viiv; eats Ys) =0 
should yet neither contradict mutually, nor conduct to relations between the x 
alone or the y alone, since these equations will obviously reduce to identities after 
the substitution: yj = @;(x;,...,x;), when the transformation: y; = ®;(x) converts 
A{ frase At WO 14 f,.s2, 7,7, respectively, 
We want to assume that all these conditions are satisfied and that all the equa- 
tions (30) reduce to the p mutually independent equations: 


G1) Pi (x) — Wi (x) = 0, sey Pp (x) — Wp (x) = 


Thanks to considerations completely similar to those of p.B44lsq., we realize that 
the determination of a transformation which transfers X)f,...,X;-f to Yi f,...,Y-f, 
respectively, amounts to determining a system of equations in the 2s variables 
X1,.-+,Xs, Y1,---,¥s, and to be precise, a system of equations having the following 
constitution: it must admit the r infinitesimal transformations: Q;,f = X,f+Yif, 
it must consist of exactly s independent equations, it must be solvable both with 
respect to x;,...,xX; and with respect to y;,...,ys, and lastly, it must comprise the p 
equations (31). 

A system of equations which comprises the p equations (31) and which admits 
the r infinitesimal transformations Q;f embraces at the same time all the rp equa- 


tions: 
Qj (x) — Wi(x)) = Xe 0; (x) —K% Wi(y) = 0 
G1 jl ap), 
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If these equations are not a consequence of (31), we can again deduce from them 
new equations which must be contained in the sought system of equations, and so 
on. If we proceed in this way, then at the end, we must come either to relations 
which contradict each other, or to relations between the x alone, or to to relations 
between the y alone, or lastly, to a system of o < s independent equations: 


(32) Qi (x) — Wi(y) =0, ..., Po(x) — Wo(y) =0 (o>p) 


which possesses the following two properties: it produces no relation between the 
x or the y alone, and it admits the r infinitesimal transformations Q; f, so that each 
one of the ro equations: 


249; (x) — Wi(y)) =0 (k=1--r; j=1--). 


is a consequence of (32). 

Evidently, there can be a transformation which transfers X)f,...,X;f to 
Y| f,...,¥-f, respectively, only when we are conducted to a system of equa- 
tions (32) having the constitution defined just now by means of the indicated 
operations. So we need to consider only this case. 

If the entire number o is precisely equal to s, then the system of equations (32) 
taken for itself represents a transformation which achieves the demanded transfer 
and to be precise, it is obviously the only transformation which does this. We 
will show that also in the case o < s, a transformation exists which transfers 
X1f,...,X,f to VY f,...,Y,f, respectively; here, we produce the proof of that by 
indicating a method which conducts to the determination of a transformation having 
the demanded constitution. 

It is clear that the equations (32) neither cancel the independence of the equations: 
Xf =0,..., Xnf = 0, nor they cancel the independence of the equations: Y; f = 0, 

., Yn f = 0, for they produce relations neither between the x alone, nor between 
the y alone. 

Besides, it is to be observed that relations of the form: 


[Q,, Q =b Px jv (x) Qyf = x Vicjv(v) Qvf 
(k, j=1,2--n) 


hold, in which the coefficients jy (x) = Wr jv(y) behave regularly in general for the 
systems of values of the system of equations: @; — Yj = 0,..., Pg — Wo = O. Thus, 
the case settled in Theorem 19, p.[142]is present here. 

As in p.B53]sq., we introduce the solutions of the n-term complete system Xf = 
0, ..., Xn = 0 as new x and those of the complete system Y; f = 0,..., ¥,f = 0 as 
new y, and on the occasion, exactly as we did at that time, we have to make a dis- 
tinction between the solutions which can be expressed in terms of @1(x),...,Qo(x) 
or, respectively, in terms of Yj (y),.--,Wo(y), and the solutions which are indepen- 
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dent of the @, or respectively, of the y. In this way, we simplify the shape of the 
equations (32), and then, exactly as on p. sq., we can determine a system of 
equations which admits Q)f,...,Q,f, which contains exactly s independent equa- 
tions, which is solvable both with respect to x1,...,xs and with respect to yj,..., ys, 
and lastly, which embraces the equations (32). Obviously, the obtained system of 
equations represents a transformation which transfers X,f,...,X;f to Y f,...,Y-f, 
respectively. 
Thus, we have the following Theorem. 


Theorem 66. Jf, in the variables x,,...,Xs, p infinitesimal transformations 
X\f,...,Xpf are presented and if, in the variables y,,...,ys, p infinitesimal 
transformations Yf,...,Ypf are also presented, then one can always decide, by 
means of differentiations and of eliminations, whether there is a transformation 
yj = Bj(x1,...,xs) which transfers X\f,...,X;-f toYf,...,¥,f, respectively; if there 
is such a transformation, then one can determine the most general transformation 
which accomplishes the concerned transfer, as soon as one has integrated certain 
complete systems 


+ LIE, Archiv for Math. og Naturv., Vol. 3, p. 125, Christiania 1878. 


Chapter 20 

Groups, the Transformations of Which 

Are Interchangeable With All Transformations 
of a Given Group 


Thanks to the developments of the §§ 89, 90, 91, pp. up to we are in 
the position to determine all transformations which leave invariant a given r-term 
group: 


_ AY of 
Xf = L Ca Rigeteg te) Te (tht), 


Amongst all transformations of this nature, we now want yet to pick out those which 
in addition possess the property of leaving invariant every individual transformation 
of the group X\ f,...,X;f, and we want to occupy ourselves somehow more closely 
with these transformations. 

When a transformation T leaves invariant every individual transformation S of 
the group X,/f,...,X;.f, then according to p. it stands with respect to S in the 
relationship: 

T 'ST=S, 


or, what is the same, in the relationship: 
Si=TS5, 


hence it is interchangeable with T. Thus, we can also characterize the transfor- 
mations just defined in the following way: they are the transformations which are 
interchangeable with all transformations of the group X,f,...,X+f. 


95. 


According to Chap. [15] p. the expression e; X; f +---+e,X;,f can be regarded 
as the general symbol of a transformation of the group X/f,...,X;f. Consequently, 
a transformation 5a = @;(x,,...,xs;) will leave invariant every individual transforma- 
tion of the group X1 f,...,X; when, for arbitrary choice of the e, it leaves invariant 
the expression e; X; f+---+e,X;,f, hence when the expression e; Xi f+---+e-X--f 
takes the form: e; Xj f +---+e,X/f after the introduction of the new variables x/ = 
@; (x), where: 


375 


376 20 Transformations Which Are Interchangeable With All Transformations of a Group 


AY Of 
le fl ry OS 
Xf = Qe Stilts.) Ox! 


Here, for this to hold, it is necessary and sufficient that the r infinitesimal transfor- 
mations: X)f,...,X,f receive the form X/f,...,X/f, respectively, after the intro- 
duction of the new variables x’. 

It is clear that there are transformations x; = ®;(x) having the constitution de- 
manded; indeed, the identity transformation x, = x; is such a transformation; be- 
sides, this results from the Proposition 2 of the preceding chapter (p.63), because 
this proposition shows that there are transformations which transfer X) f,...,X;f to 
Xj f,...,X/f, respectively. In addition, it follows from the developments achieved 
at that time that the most general transformation of the demanded constitution is 
represented by the most general system of equations: 


x, Dy Wig ieig hes sess 4 POs ky) 


which admits the r-term group: X;f+X/f, ..., X-f+X/f in the 2s variables 
Wicd het sich 

If one executes, one after the other, two transformations which leave invariant 
every individual transformation of the group: X)f,...,X;,f, then obviously, one al- 
ways obtains a transformation which does the same; consequently, the totality of 
all transformations of this constitution forms a group G. This group can be dis- 
continuous, and it can even reduce to the identity transformation; it can consist of 
several discrete families of which each one contains only a finite number of ar- 
bitrary parameters, it can be infinite; but its transformations are always ordered as 
inverses by pairs, since if a transformation leaves invariant all transformations of the 
group: X,f,...,X,f, then the associated inverse transformation naturally possesses 
the same property. 

If the just defined group G contains only a finite number of arbitrary parameters, then it belongs 
to the category of groups which was discussed in Chap. and according to Theorem 56, p. 
it certainly comprises a finite continuous subgroups generated by infinitesimal transformations. On 
the other hand, if the group G is infinite, then thanks to considerations similar to those of Chap. 
it can be proved that it comprises one-term groups, and in fact, infinitely many such groups that are 
generated by infinitely many independent infinitesimal transformations. 


At present, we take up directly the problem of determining all one-term groups 
which are contained in the group G. 


According to Chap. [15] p.[267Jand, the r expressions X| f,...,X,f remain invari- 
ant by all transformations of the one-term group Zf when the r relations: 


[X;., Z] =X; (Z(f)) —Z(X(f)) =0 (k=1---r) 


are identically satisfied, hence when the infinitesimal transformation Zf is in- 
terchangeable with all transformations of the group X)/f,...,X;f. Thus, the 
determination of all one-term groups having the constitution defined a short while 
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ago amounts to the determination of the most general infinitesimal transformation 
Zf which is interchangeable with all X;f. 

If one has two infinitesimal transformations Z; f and Zz f which are interchange- 
able with all X,f, then all expressions [Z, X;] and |Z, X;,| vanish identically, 
whence the Jacobi identity: 


[[Z:, Zr), X;| ae [[Z2, Xx], Z| aa [Xe Zyl, Z| =0 
reduces to: 
[[Z1, Z2], X.] =0. 
Thus, the following holds: 


Proposition 1. /f the two infinitesimal transformations Z,f and Zz f are inter- 
changeable with all infinitesimal transformations of the r-term group X,f,...,X;f, 
then the transformation |Z, , Za] also is so. 


On the other hand, every infinitesimal transformation aZ, f+ bZzf is at the 
same time interchangeable with X,/f,...,X;f, whichever values the constants 
a and b may have. Hence if by chance there is only a finite number, say g, of 
independent infinitesimal transformations Z) f,...,Z,f which are interchangeable 
with X,f,...,X,f, then the most general infinitesimal transformation having the 
same constitution has the form: A; Z,f +---+A,Z,f, where it is understood that 
A\,..-,Aq are arbitrary parameters. Then because of Proposition 1, there must exist 
relations of the form: 


[Zi, 74 |= py Chie Zof, 


so that Z| f,...,Z,f generate a q-term group. 


At present, we seek to determine directly the most general infinitesimal transfor- 


mation: 3 
=) Cit lesee . a5) 5 


which is interchangeable with all infinitesimal transformations of the group 


Xf... Xrf. 


The r condition-equations [BEDINGUNGSGLEICHUNGEN]: 
[Rit =O), cog: (Ae 2p =O 
decompose immediately in the following rs equations: 
Xe G = Z Eu (k=1--r; i= 1-5), 


or, if written in more length: 


= x) 20! 2 OE x; ; 
Y) Xi bev Es =). Oxy Cy (kK=1--r3 i=1--5). 


v=1 
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The question is to determine the most general solutions ¢),..., ¢; to these differen- 
tial equations. 

Let: 
(2) c= OH Kis os.5 He) (i=1---n) 


be any system of solutions of (1), whence all the expressions: 


Xx Oj — 2 Iki Cy 


ja, OX 
vanish identically after the substitution: €; = @;(x),..., Gs = @s(x); in other words: 
the system of equations (2) in the 2s variables x;,...,x5, ¢1,...,¢s admits the r 


infinitesimal transformations: 


WF = xft+) 1) >, au ae a6, (k=1--r). 
v=1 v 


i=] 


Conversely, if a system of equations of the form (2) admits the infinitesimal transfor- 
mations W, f,...,W,f, then @,(x),...,@ (x) are obviously solutions of the differ- 
ential equations (1). Consequently, the integration of the differential equations (1) 
is equivalent to the determination of the most general system of equations (2) which 
admits the infinitesimal transformations W, f,...,W,-f. 

Every system of equations which admits W, f,...,W,.f also allows the infinitesi- 
mal transformation W.(W;(f)) —Wj(We(S)) = [We. W, i]; we compute it. 

We have: 


Ss 2 j a2 ij ra) 
[We, Wi] = [Xx X. 4d {Se OXu ae Ev Fear} 5G 

ra woo i O€yvo i 0 
rf 4 Ek eae “57 


i, 


and here, the right-hand side can be written: 


ba 14D oe mY { by See Sv Sh Gy SE. 


OX ym 


But now, there are relations of the form: 
5 
[Xx, X = Ckio Xof, 


from which it follows: 
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: 0g; i 0 ki - 
d {eS i ~Siv 5 : ai — y Ckjo con 
v=1 o=1 
and therefore, we get simply: 
[Wi W, =Ye Ckjo Wof: 


From this, we see that W, f,...,W,f generate an r-term group in the 2s variables 
X1,.--,Xs, O1,..., 65; but this was closely presumed. 


There can be n, amongst the infinitesimal transformations X)f,...,X;f, say 
X\f,...,Xnf that are linked together by no linear relation of the form: 


M1 (x1,---,Xs) Xf +--+ +4An(x1,---,Xs) Xn f =, 


while X,,41f,...,X;f can be expressed in the following way: 
(3) Xnsif = Yo Pev(x1,---,%s) Xvf (k=1--r—n). 
v=1 


Under these assumptions, the differential equations (1) can also be written as: 


XyG-—ZEy;i =0 (V=1--n; i=1---s) 


¥ oe a ee nn ee 


Hence if the expressions Xj €),...,X, ¢; are took away, we obtain between €),..., ¢; 
the finite equations: 


(4) nm=1 


It stands to reason that every system of equations of the form (2) which admits 
the group W, f,...,W,f must comprise the equations (4). 

The equations (4) are linear and homogeneous in ¢],..., ¢;; so if amongst them, 
one finds exactly s that are mutually independent, then ¢; = 0, ..., ¢; = 0 is the 
only system of solutions which satisfies the equations. In this case, there is only one 
system of equations of the form (2) which admits the group W, /,...,W,f, namely 
the system of equations: €; = 0,..., ¢; =0, hence there is no infinitesimal transfor- 
mation Zf which is interchangeable with all X;,f. 

Differently, assume that the equations (4) reduce to less than s, say to m < s 
independent equations. We will see that in this case, aside from the useless system 
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¢; =0,..., ¢, =0, there are yet also other systems of the form (2) which admit the 
group W,f,...,W,-f. 
Above all, we observe that the system of equations (4) admits the group 


Wif,.... Wf. 
In order to prove this, we write down the matrix which is associated to the in- 
finitesimal transformations W, f,...,W,-f: 


ra) ‘ OE\s5 
Ei: + Els a4 an Cy: Yh, Be Cv 


(5) ! ae SY) 
Gr oo. ame r5_) AGy oe 5 _, Bev 


We will show that (4) belongs to the system of equations that one obtains by setting 
equal to zero all (n+ 1) x (n+ 1) determinants of this matrix. As a result, according 
to Chap. Theorem 39, p. it will be proved that (4) admits the the group 
Wi f,-.-,Wef. 

Amongst the (n+ 1) x (n+1) determinants of the matrix (5), there are those of 
the form: 


7] 
E1k, 7 Elkn v= ipl Cy 
: 0En 
D = ot => cae a Sens 6, 


s OEn+j, 
Cnt j.ky a anne Lia ae 


If we use the identities following from (3): 


n 
Cn+j.m a y Pjv(x) Eva (m@=1+-5; j=1l--r—n), 
v=1 


then we can obviously write D as: 
- OEn+ i, ‘ Ts 
D=) +b, 02 Cae, y = y on 5} Cy. 
v=1 v t=1 v 


Now, under the assumptions made, not all determinants of the form: 


oe 
vanish identically; so if we set equal to zero all determinants of the form D, we 
obtain either relations between the x;,...,x; alone, or we obtain the system of 


equations (4). But as it is easy to see, this system of equations actually brings to 
zero all (n+ 1) x (n+ 1) determinants of the matrix (5), hence it admits the group 


Wi fF revg Wil 
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The determination of the most general system of equations (2) which admits the 
group W,f,...,W,f and which comprises the equations (4) can now be executed on 
the basis of Chap. [14] p.[242]up to p. [244] 

The system of equations (4) brings to zero all (n+ 1) x (n+ 1) determinants 
of the matrix (5), but not all n x n determinants; likewise, a system of equations 
of the form (2) cannot make zero all n x n determinants of the matrix (5). Thus, 
we proceed in the following way: We solve the equations (4) with respect to m of 
the quantities €,,...,¢,, say with respect to C),...,€, afterwards, following the 
introduction of the cited developments, we form the reduced infinitesimal transfor- 
mations W,f,...,W,f in the 2s —m variables x1,...,X5, Gn41,--- 65, and lastly, we 
determine 2s —m—n arbitrary independent solutions of the n-term complete system 
which is formed by the n equations: W; f =0,..., Wif = 0. 

The n equations W, f = 0, ..., Wnf = 0 are solvable with respect to n of the 
differential quotients 0 f/0x,, ..., Of /OAxs, hence its 2s —m—n independent so- 
lutions are mutually independent relatively to s—n of the x and to the variables 
Cm+1,+++,6s (cf. Chap.[{15] Theorem 12, p.[102). Now, amongst the solutions of the 
complete system W;,f = 0, there are exactly s —n independent ones which satisfy 
at the same time the n-term complete system: X,f = 0, ..., X,f = 0, and hence 
depend only upon the x, and they can be called: 


DD cces teed twa Mel iw xaeaee | 
So, if: 


Bi Geteioiies Cee jcaeplely ates Dept Gadsisep ey nigh 


are s —m arbitrary mutually independent, and independent of the u, solutions of the 
complete system W;f = 0, then necessarily, these solutions are mutually indepen- 
dent relatively to Gnst,..-, Ss. 

At present, we obtain the most general system of equations (2) which admits 
the group W,/f,...,W,f by adding to the equations (4), in the most general way, 
s—m mutually independent relations between u,...,Us—n, B1,.--, Bs—m that are 
solvable with respect to G,41,..., Gs. It is clear that these relations must be solvable 
with respect to 5 1,...,8s—m, so that they can be brought to the form: 


(6) 0 i Geatiga nts GG Fp 2cgte) = 2p (ur (x), ere eric) (u=1---s—m). 


Here, the (2, are subject to no restriction at all, and they are absolutely arbitrary 
functions of their arguments. 

Thus, if we add the equations (6) to (4) and if we solve, what is always possible, 
all of them with respect to ¢),...,¢;, then we obtain the most general system of 
equations (2) which admits the group W, f,...,W,.f and as a result also, the most 
general system of solutions to the differential equations (1). Visibly, this most gen- 
eral system of solutions contains s — m arbitrary functions of u,,...,Us—p. 


382 20 Transformations Which Are Interchangeable With All Transformations of a Group 


But now, the differential equations (1) are linear and homogeneous in the un- 


knowns ¢),...,¢,; thus, it can be concluded that its most general system of solutions 
1,...,s can be deduced from s — m particular systems of solutions: 
Cui(x), aaa Cus (x) (u=1---s—m) 


in the following way: 


‘é =X (Misa ee Us—n) CG pane + Xs—m(u1, seu Usa) Cy—mii 
(i=1--s), 


where the ¥ are completely arbitrary functions of the u; naturally, the particular 
system of solutions in question must be constituted in such a way that there are no 
s—m functions Wy (uy,..-,Us—n), ---» We—m(t1,---,Us—n) which satisfy identically 
the s equations: 


Yi (u) Crit +++ Ws—m(U) Cs—m,i = 0 (i=1--8). 
It can even be proved that actually, there are no s — m functions %(x1,...,X5),.--; 
Y_m(x1,.--,Xs) which satisfy identically the s — m equations: 

Y (x) Cui t--- +m Cs—m,i= 0 (i=1---s—m). 


Indeed, the s — m equations: 


sS—-mM 


Cmt+o = y Xu(u) Cu,m+o (o=1---s—m) 
u=l 


are obviously equivalent to the equations (6), hence they must be solvable with 
respect to 71,---,7%s—m and the determinant: 


oy = Cigntt —s Cine ae 


should not vanish identically. 

According to these preparations, we can finally determine the form that the 
most general infinitesimal transformation Zf interchangeable with X,/f,...,X-f 
possesses. The concerned transformation reads: 


s—m 


ZF= YY Xulu,-..:Us_m)Zuf, 
u=1 


where the s — m infinitesimal transformations: 


5 0 
Zuf = Y) Suila,---+4s) of oc ac) 
i=l 


are linked together by no linear relation of the form: 
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WA (His ovng Xs Lif eee ead yay he Zeal = 0; 


In addition, since according to Proposition 1, p. every infinitesimal transfor- 
mation [Z,,, Zy] is also interchangeable with X) f,...,X;f, there are relations of the 
specific form: 


sm 


[Zu, Zv| = >, Ouva(U,- ++, Us—m) Za f (U,V=1--s—m). 


nm=1 


We thus see: There always exists a transformation which is interchangeable with 
X,f,...,X;f when and only when the number m defined on p. B79]is smaller than 
the number s of the variables x. If m < s and if at the same time, n < s, then the 
group X,f,...,X,f is intransitive, so the most general infinitesimal transformation 
Zf interchangeable with X,f,...,X;f depends upon arbitrary functions. If by con- 
trast n = s, then the group X,/,...,X,f is transitive, so the most general transfor- 
mation Zf interchangeable with X,/f,...,X, can be linearly deduced from s —m 
independent infinitesimal transformations: Z) f,...,Zs—mf; according to a remark 
made earlier on (p. B77), the concerned infinitesimal transformations then generate 
an (s —m)-term group. — 

We know that an infinitesimal transformation interchangeable with X,f,...,X-f 
exists only when the equations (4) reduce to less than s independent equations. We 
can give a somewhat more lucid interpretation of this condition by remembering the 
identities (3), or the equivalent identities: 


Entk,i — ¥ gw) ) Evi =0 (k=1-r—n; i=1--s), 


that define the functions @,. Indeed, if we differentiate with respect to x; the iden- 
tities just written, we obtain the following identities: 


Cour a Ovi OD 
Bott (9, 5,20 a 
J 


(k=1--r—n; i=1, j--s), 


But since not all determinants of the form )° + ;, --- %, vanish identically, then in 
turn, the latter equations are equivalent to: 


(4’) Xs I Prev = (k=1--r—n; V=1--n). 


j Ox; 
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Thus, there is a transformation Zf interchangeable with X,f,...,X;f only when 
the linear equations (4’) in the ¢; reduce to less than s independent equations. 

The equations (4’) are more clearly arranged than the equations (4), and they 
have in addition a simple meaning, for they express that each one of the n(r—n) 
functions @gy(x1,...,Xs) admits all the infinitesimal transformations Zf. 

If, amongst the equations (4), there are exactly m that are mutually independent, 
then naturally, amongst the equations (4’), there are also exactly m that are mutually 
independent, and therefore, m is nothing but the number of independent functions 
amongst the n(r—n) functions Q(x). 

We recapitulate the gained result: 


Theorem 67. /f, amongst the r infinitesimal transformations: 


AY of 
Xf = L Cis Cif as gia) a (k=1~7), 


of an r-term group, X\f,...,Xnf, say, are linked together by no linear relation, 
while Xn41f,..-,Xrf can be expressed linearly in terms of X\f,...,Xnf: 


n 
Xpug fl = ¥ Pjv(X1,---,Xs) Xvf (j=1--r—n), 
v=l 


and if amongst the n(r—n) functions @gy, there exist exactly s that are mutually 
independent, then there is no infinitesimal transformation which is interchangeable 
with all X;f; by contrast, if amongst the functions Qxyy, there exist less than s, say 
only m, that are mutually independent, then there are infinitesimal transformations 
which are interchangeable with X,f,...,X;f, and to be precise, the most general 
infinitesimal transformation Zf of this nature possesses the form: 


Lf — Wi (u,. wesUs—n) Zi f +--+ Wp Wisely) Zea 


where Uj,...,Us—n denote independent solutions of the n-term complete system: 
Xi f =0,..., Xnf = 0, where furthermore W,...,Ws—m mean arbitrary functions 
of their arguments, and lastly, where the infinitesimal transformations: 
Ss Of 
Z¢=), Gui(X1,++ +545) 5 (u=1---s—m) 
i=l i 


interchangeable with X, f,...,X;f and linked together by no linear relation stand 
pairwise in relationships of the form 


Sm 
[Zu Zy| = y? Ouva (U1 or) Hse) Zrf. 
m=1 


+ LIE suggested this general theorem in the Math. Ann. Vol. XXV. 
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Besides, a part of the result stated in this proposition follows immediately from the develop- 
ments of the previous chapter. Indeed, if the number of independent functions amongst the functions 
Ory (x1,---,Xs) is exactly equal to s, then according to p. the equations: 


Dky ca ses x) = rv (x1, bee Xs) (k=1--r—n; V=1--n) 


represent the most general transformation which transfers X|f,...,X,f to Xj f,...,X/f, respectively. 
By contrast, if amongst the @j,, there are less than s that are mutually independent, then according 
to Theorem 65, p. there is a continuous amount [MENGE] of transformations which leaves 
invariant every X,f; we remarked already on p. B76] that the totality of all such transformations 
forms a group, about which it can be directly seen that it comprises one-term groups. 


It seems to be adequate to yet state expressly the following proposition: 


Proposition 2. [f there actually exists an infinitesimal transformation which is 
interchangeable with all infinitesimal transformations X,f,...,X,f of an r-term 
group of the space x,,...,Xs, then the most general infinitesimal transformation in- 
terchangeable with X, f,...,X;f contains arbitrary functions, as soon as the group 
X\f,...,X;,f is intransitive, but by contrast, it contains only arbitrary parameters, 
as soon as the group is transitive. 


96. 


Of outstanding significance is the case where the group X;f is simply transitive, 
thus the case s =r=n. 

If one would desire, in this case, to know the most general transformation x, = 
@j(x1,...,Xn) by virtue of which every X;,f takes the form X/f, then one would only 


have to seek n independent solutions Q),...,Q,, of the n-term complete system: 
Xf +Xif =0 (kK=1---n) 
and to set these solutions equal to arbitrary constants a1,...,dn. The equations: 
/ / 
Oe Mies Rel doy) Se (k=1---n) 


are then solvable both with respect to the x and with respect to the x’, and they 
represent the transformation demanded. 

From the beginning, we know that the totality of all transformations Q, = a, 
forms a group. At present, we see that this group is n-term and simply transitive; 
this results immediately from the form in which the group is presented, resolved 
with respect to its n parameters. 

The group: 

O1G.8 Hai; 2c Qalaew Sa 


contains the identity transformation and n independent infinitesimal transforma- 


tions: , ; 
Lif = yD Cel tthe ag Xa) of einai), 
i=1 I 
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and this results from the developments of the preceding paragraph; but this is also 
clear in itself, since the transformations of the group are ordered as inverses by 
pairs, and hence the Theorem 56 in Chap. p. 324] finds an application. Besides, 
it follows from the transitivity of the group Z; f,...,Z,f that Z, f,...,Z,,f are linked 
together by no linear relation of the form Y' 7;(x1,...,x;5) Z;f = 0. 


Between the two simply transitive groups X,f and Z;f, there is a full relationship 
of reciprocity [RECIPROCITATSVERHALTNISS]. If the X;,f are given, then the general 
infinitesimal transformation Zf = Y' e; Z;f is completely defined by the n equations: 


Xk(Z(f)) —Z(X(f)) =0 (k=1--n); 


on the other hand, if the Z;f are given then the n equations: 


X (Zi(f)) —Zi(X(f)) =0 (i=1-n) 
determine in the same way the general infinitesimal transformation: 
Xf= y ecXif. 


But with that, the peculiar relationship in which the two groups stand is not yet 
written down exhaustively. Indeed, as we will now show, the two groups are also 
yet equally composed; since both are simply transitive, it then follows immediately 
that they are similar to each other (cf. Chap. [19] Theorem 64, p.[B49). 

In the infinitesimal transformations X;,f and Z;f, we imagine that the €,, and the 
Civ are expanded in powers of x;,...,X,, and we assume at the same time that x; = 0, 

Xn = 0 is a point in general position. According to Chap. p. since the 
group X;f is simply transitive, it contains exactly n infinitesimal transformations of 
zeroth order in x;,...,X, out of which no infinitesimal transformation of first order, 
or of higher order, can be linearly deduced. 

We can therefore imagine that X)f,...,Xn,f are replaced by n other independent 
infinitesimal transformations Xf,...,X,f which have the form: 


$ a) 
ae +5 a oe 


ie 


Xf = 


after leaving out the terms of second order and of higher order. In the same way, 
we can replace Z f,...,Z,,f by n independent infinitesimal transformations of the 


form: 
Of of 
aif =—- Ox; oe Y linvXp =— Dey 


a 
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After these preparations, we form the equations [X;, 3;] = 0; the same equation 
takes the form: 


le 0 
2d ( liv + hiv) Fi) 
v=l1 Oxy 
from which it follows: 
liky = —hyiy. 


Computations of the same sort yield: 


[Xe, Xj] = Yo (hjev —hejv) —— + °° 
= Oxy 
and: F af 
[3 33) = ) (Liev thejv) = +-° 
v=1 Oxy 
n of 
= Giga) ee 
2 ( kjv ikv) Oxy 
On the other hand, we have: 
(x, ¥ =-¥ civ Xv, 3k, 3 =) diy Bui 
here, we insert the expressions just found for: Xyf, 3vf, [Xx, Xj], [3x, 3;] and 
afterwards, we make the substitution: x; = 0,..., x, = 0; it then comes: 


! 
Ckiv = hixv — hxjy = hiv: 


Thus, our two groups are effectively equally composed, and in consequence of 
that, as already remarked above, they are similar to each other. As a result, the 
following holds: 


Theorem 68. /f X,f,...,Xnf are independent infinitesimal transformations of a 
simply transitive group in the variables x,,...,Xn, then the n equations {X;, Z| =0 
define the general infinitesimal transformation Zf of a second simply transitive 
group Z| f,...,Zyf which has the same composition as the group X\f,...,Xyf and 
which is at the same time similar to it. The relationship between these two simply 
transitive groups is a reciprocal relationship: each one of the two groups consists 
of the totality of all one-term groups whose transformations are interchangeable 
with all transformations of the other group i 


It is convenient to call the groups X;f and Z;f as reciprocal [RECIPROKE] transfor- 


mation groups, or always, the one as the reciprocal group of the other. 


+ LIE communicated the Theorem 68 in the Gesellschaft der Wissenschaften zu Christiania in Nov. 1882 and in May 
1883; cf. also the Math. Ann. Vol. XXV, p. 107 sq. 
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If we remember from Chap. p. (284) that the excellent infinitesimal transfor- 
mations e; X;f+---+e,-X;-f of the group X;f,...,X,f are defined by the n equa- 
tions [X;, Y] = 0, then we can yet state the following proposition: 


Proposition 3. The common infinitesimal transformations of two reciprocal simply 
transitive groups are at the same time the excellent infinitesimal transformations of 
both groups. 


Let the two n-term groups X,f,...,X,f and Z,f,...,Z,f in the n variables 
X1,.-..,X, be simply transitive and reciprocal to each other. Then, if after the 
introduction of new variables x/,...,x),, the X;,f are transferred to X/f and the 
Z.f to Z,f, the two simply transitive groups X;f,...,X;,f and Z)f,...,Z), 
are also reciprocal to each other; this follows immediately from the relations: 
IX}, Z'] = [X, Zj] =0. 

From this, it follows in particular the 


Proposition 4. [fan n-term simply transitive group in n variables remains invariant 
by a transformation, then at the same time, its reciprocal simply transitive group 
remains invariant. 


From this proposition it lastly follows the next one: 


Proposition 5. The largest group of the space x,,...,Xn, in which an n-term simply 
transitive group of this space is contained as an invariant subgroup coincides with 
the largest subgroup in which the reciprocal group of this simply transitive group is 
contained as an invariant subgroup. 


We want to give a couple of simple examples to the preceding general develop- 
ments about simply transitive groups. 
The group: 


of the place x, y is simply transitive. The finite equations of the reciprocal group are 
obtained by integration of the complete system: 
Of, of | ,of |, of 


—+—=0 — = —+y'— =0 
7 F aoe oy +x aa ty ay’ 


hence solved with respect to x’ and y’: 


x =7-ay y = DY: 
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The infinitesimal transformations of the reciprocal group are therefore: 


Of Of 
2 * ay 


An interesting example is provided by the six-term projective group of a nonde- 
generate surface of second order in ordinary space. Indeed, this group contains two 
three-term simply transitive and reciprocal to each other groups, of which the first 
group leaves fixed all generatrices of the one family, while the other group leaves 
fixed all generatrices of the other family. 

If z— xy = 0 is the equation of the surface, then: 


_ of of _ of of 
A Ox 9g 8G F290 

Of Of, of 

— yl _ 7) lt pa 

fax s+ (ay—2) a ea 

is one of the two simply transitive groups and: 

OF OF ek a OF 
cee eer FEY eo ae 

_ Of 29f | of 

23f = (Qy—z) a +y Oy ae 


is the other. 

The two reciprocal groups are naturally similar to each other; but it is to be ob- 
served that they are similar through a projective transformation, namely through 
every projective transformation which interchanges the two families of generatrices 
of the surface. 


97. 


We proceed to the general studies about reciprocal simply transitive groups. 

Let X, f,...,X,f and Z,f,...,Z, be two simply transitive and reciprocal groups 
in the variables x1,...,Xp. 

If n would be equal to 1, then the two groups would be identical to each other, 
as one easily convinces oneself; we therefore want to assume that n is larger than 1. 
Then the group Z| f,...,Z,,f certainly contains subgroups. If Z, f,...,Znff (m <n) 
is such a subgroup, then the m equations: 


Zi f =0, eset} Znf =0 
form an m-term complete system which, as it results from the identities: 


Xi, Z| =0,..., RG Zm| =0 (i=1--n), 
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admits the group X, f,...,X,f (cf. Chap.[8] Theorem 20, p.[I51). Consequently, the 
group X1f,...,Xnf is imprimitive. 

If u1,...,Un—m are independent solutions of the complete system Z; f = 0, ..., 
Zmf = 0, then according to Chap. [8] Proposition 1, [149] there are relations of the 
form: 

Xj Uy = Oy (U1, aes etna (i=1--n; V=1--n—m), 


and hence (cf. p.[153) the oo” m-times extended manifolds: 
Hy = CONS. cing, Wye = CONS. 


are mutually permuted by the group X1f,...,X,-f. 
We therefore have the: 


Proposition 6. Every simply transitive group: X,f,...,Xnf in n > 1 variables: 
X1,...,Xy is imprimitive; if Z| f,...,Znf is the associated reciprocal group and if 
Zi f,---;Zmf is an arbitrary subgroup of it with the invariants u,,...,Un—m, then 
the m-term complete system Z, f =0, ..., Zmf = 0 admits the group X,f,...,Xnf 
and the "~" m-times extended manifolds: u, = const., ..., Uy,—m = const. are 
mutually permuted by this group. 


The preceding proposition shows that every m-term subgroup of the group 
Zi f,.--;Znf provides a completely determined decomposition of the space 
X1,.-+,X, in co” m-times extended manifolds invariant by the group X1/f,...,X,,f. 
Hence, if we imagine that all subgroups of the group Z f,...,Z,jf are determined, 
and that all the associated invariants are computed, then we obtain infinitely 
many decompositions of the space invariant by the group X)f,...,X,f. It can be 
proved that all existing invariant decompositions are found in this way, so that the 
Proposition 6 can be reversed. 

Indeed, let Y; f = 0, ..., Yin ff = 0 be any m-term complete system which admits 
the group X1f,...,Xnf, and let u1,...,U,—m be independent solutions of this com- 
plete system, so that the family of the ~~” m-times extended manifolds: 


Wj SOCOM g 225, Ug~ a CONS. 
represent a decomposition of the space x;,...,, invariant by the group Xf,...,Xn/f. 
We claim that the group Z,f,...,Z,jf contains a completely determined m-term 
subgroup which leaves individually invariant each one of these 0” manifolds; 
this is just the reversion of the Proposition 6. 
At first, we introduce the functions u1,...,U%,—m and m arbitrary mutually inde- 
pendent functions: v;,...,Vm of the x that are also independent of u1,...,U,—m as 


variables in our reciprocal groups, and we get: 


n—m of m of 
Xif = Oy (U1, ---;Un—m) —— + XpVvy —— (k=1+-n) 
d . Ouy u H Vu 


and: 


n—m of A 
= Xu Zp uy —— Bits + y ZV i (k=1--n), 


where the X,vy, Z,uy and Z,v,, are certain functions of the uv and the v. Our claim 
now obviously amounts to the fact that m independent infinitesimal transforma- 
tions should be linearly deducible from Z; f,...,Z, which should absolutely not 
transform u1,...,Un—m, hence in which the coefficients of 0f/Ou1, ..., Of /OUn—m 
should all be zero. 

In order to be able to prove this, we must compute the coefficients of 0f/du,..., 
Of /OUn—m in the general infinitesimal transformation Zf = e; Z) f +---+enZnf of 
the group Z f,...,Znf- 

The infinitesimal transformation Zf is completely determined by the relations: 


X(Z(f)) —Z(Xi(f)) =0, ---, Xn(Z(f)) —Z(Xn(f)) = 0. 


If we replace f in these equations by uy, we obtain the relations: 


X (Zuy) —ZQy = 0, a) XZ hy) —ZOny = 0 (v=1--n—m). 
Consequently, the functions Zu,...,ZUy,—m are solutions of the differential equa- 
tions: 

(7) Xx Pv — 2 > Pu =() (kK=1--n; V=1---n—m), 
H=1 iM 
in which pj,...,Pn—m are to be seen as the unknown functions. 
If: 
(8) 
Pi = Wis cess Views Vin), ansy De = Wa ge dings Visco in) 


is an arbitrary system of solutions to the differential equations (7), then all the n(n — 
m) expressions: 


n—-m OW: 
Vo 
Xx 
k W- u du, ? 
vanish identically after the es Pt = Wis +1+5 Daan = Waem- Hence if we 
interpret the equations (8) as a system of equations in the n +n-—~™m variables: 
Uj,---;Un—ms V1;--->V¥ms P15--+>Pn—m, We realize immediately that this system of 
equations admits the n infinitesimal transformations: 
n—-m n—-m ow of 
kv 
(9) Uf =Xif + a: {2 u 3 7 pu aa. (k=1--n). 
v=1 Pv 


The converse is also clear: if one known an arbitrary system of equations of the 
form (8) which admits the infinitesimal transformations U; f,...,U,,f, then one also 
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knows a system of solutions of the differential equations (7), since the functions 
W1,---; Wn—m are such a system. 

From this, it results that the determination of the most general system of solutions 
to the differential equations (7) amounts to determining, in the 2n — m variables u, 
v, p, the most general system of equations (8) that admits the infinitesimal transfor- 
mations U;f,...,U,f. 

Every system of equations which admits U;f,...,U,f also allows all the 
infinitesimal transformations |[U;, U;|. By a calculation, we find: 


1---n—m 02 Oxy 02 Wiy of 
[Ui, Ug] = [Xi, Xx] + y (o 5 — Okr ai) are 


Ll, V,% 
rat (= IW  IWky = ) Of 


L,V,7 


or else, if written differently: 


1---n—m P) Of 
[Ui, Ux] = [Xi, Xx] + » (X; Oy — Xx Civ ) Pu : 
Oup OPy 


Now, since X; f,...,X,f generate a group, there exist relations of the form: 
[Xi, Xx] = Xi (Xe(f)) — Xi (X. =) Cita Xof, 


hence in particular, we have: 
X;(X_uy) —X(Xjuy) = Xj Oy — Xk Wiv 


n 
= y? Ciko Dov; 
o=1 


and it comes: 
[Ui, Uk] = py Cite Uo. 


Consequently, the infinitesimal transformations U,f,...,U,f generate an n-term 
group in the 2m — m variables u1,...,Un—m, V1,---; Vm» P1)---;Pn—m:- 

Thus, the question at present is to determine the most general system of equa- 
tions of the form (8) that admits the group U,f,...,U,f. Since X,f,...,X,f are 
linked together by no linear relation, not all n x n determinants of the matrix which 
is associated to U; f,...,Unf vanish, and likewise also, not all these determinants 
vanish by virtue of a system of equations of the form (8). It follows therefore from 
Chap. Theorem 42, p.[243]that every system of equations of the form (8) which 
admits the group U,f,...,U,f is represented by relations between the solutions of 
the n-term complete system U; f =0,..., U,f = 0. Now, this complete system pos- 
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sesses exactly n —m independent solutions, say: 


Ps (U1 +5 Un; V1,+++;Vny Pl, +++) Pn—m) (k=1--n—m) 


and to be precise, %,...,'%—m are mutually independent relatively to ~1,...,Pn—m, 
because the complete system is solvable with respect to the differential quotients 
Of /Ouy,..., Of /OUn—m, Of /OV1, ..., Of /OVm (cf. Chap. [5] Theorem 12, p. [102). 
From this, we conclude that the most general system of equations (8) that admits 
the group U; f,...,U,f can be given the form: 


Y = Cis a) Ym = Cam 
where C|,...,Cn—m denote arbitrary constants. 
If we solve the system of equations just found with respect to ~1,..., Pn—m, which 


is always possible, then we obtain the most general system of solutions to the differ- 
ential equations (7), hence we see that this most general system of solutions contains 
exactly n — m arbitrary, essential constants. Now, since the differential equations (7) 
are linear and homogeneous in the unknowns [},...,P,—m, the said most general 
system of solutions must receive the form: 


(n—m) 


WP + Ch +---+C1_ WE 
(u=1--n—m), 


_y 
(10) Pu = 1 


where the n — m systems of functions: 


wh”, wh”, rr) yo, (v=1--n—m) 
represent the same number n — m of linearly independent systems of solutions to 
the differential equations (7) that are free of arbitrary constants, and where the C’ 
are arbitrary constants. Of course, the determinant of the y does not vanish, for the 
equations (10) must be solvable with respect to C},...,C)_m- 
The functions: Zu1,...,ZUy—m are, according to p.B91] solutions of the differen- 
tial equations (7), hence they have the form: 


ee 1 oe we”) (U=1---n—m). 

Here, the Cy, are constants about which we temporarily do not know anything more 

precise; it could still be thinkable that they are linked together by linear relations. 
From the values of the Zu,,, it follows that the general infinitesimal transforma- 

tion Zf of the group: Z) f,...,Z,f can be given the following representation: 


1---n—m m 
a (u) OF Of 
Zf= Ce oe 2 
», oe duty Py mo 


Now, since the n — m expressions: 
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n—m 
by yi) ae (u=1---n—m) 
v=1 uy 
represent independent infinitesimal transformations, then from Z)/f,...,Z,f, one 
can obviously deduce linearly at least m, hence say exactly m+ €, independent 
infinitesimal transformations in which the coefficients of 0f/du, ..., Of /Oun—m 
are equal to zero. These m+ € infinitesimal transformations naturally generate an 
(m+ €)-term subgroup of the group: Z)f,...,Z,f, and in fact, a subgroup which 
leaves fixed each one of the «”~” m-times extended manifolds u; = const., ..., 
Un—m = const. But this is only possible when the entire number € is equal to zero, 
since if € would be > 0, the group Z f,...,Z, could not be simply transitive. 

As a result, the claim made on p. 390]is proved and we can therefore state the 
following proposition: 


Proposition 7. [fX,f,...,Xnf and Z| f,...,Z,f are two reciprocal simply transitive 


groups in the n variables x,,...,Xy, and if: 
HT Mises ihn | S CONS sg tse Wil Cine te ] CONSE: 
is an arbitrary decomposition of the space x1,...,Xn in ”"~™ m-times extended 


manifolds that is invariant by the group X\f,...,Xnf, then the group Z\f,...,Z2nf 
always contains an m-term subgroup which leaves individually fixed each one of 
these o”"~™ manifolds. 


By combining this proposition with the Proposition 6, p.|390} we obtain the: 


Theorem 69. /f the n-term group X,f,...,Xnf in the n variables x,,...,Xy is simply 
transitive, then one finds all m-term complete systems that this groups admits, or, 
what is the same, all invariant decompositions of the space x,,...,X, in 0” m- 
times extended manifolds, in the following way: One determines at first the simply 
transitive group: Z| f,...,Znf which is reciprocal to X,f,...,Xnf and one sets up 
all m-term subgroups of the former; if, say: 


Luf =8uiZif +:+++8punZnf (u=1---m) 


is one of the found subgroups, then the equations Z,f = 0, ..., Zmf = 0 repre- 
sent one of the sought complete systems and they determine a decomposition of the 
Space X1,...,Xp, inc” ™ m-times extended manifolds that is invariant by the group 
Xif,...,Xnf; if, for each one of the found subgroups, one forms the m-term com- 
plete system which the subgroup provides, then one obtains all m-term complete 
systems that the group X,f,...,Xnf admits. If one undertakes the indicated study 


for each one of the numbers m = 1,2,...,n —1, then one actually obtains all com- 
plete systems that the group X,f,...,Xnf admits, and therefore at the same time, all 
decompositions of the space x,,...,Xn that are invariant by this group. 


The above theorem contains a solution to the problem of determining all possible 
ways in which a given simply transitive group can be imprimitive. 


At present, let the equations: 
uy =const., ..., Uyz—m = const. 


again represent an arbitrary decomposition of the space x1,...,X, in ©” m-times 
extended manifolds invariant by the group X,/f,...,X,f, so that hence, when 
Uj,---,;Un—m, together with appropriate functions v1,...,V, are introduced as new 
variables, X, f,...,Xnf receive the form: 


n—m 


oF <6 Of 
Xif = y Opy (U1 ++ Umm) == + YL Skye (ds +++ yUn—ms VIy+++4Vn) > 
v=l vo p=1 L 


Here, not all (n — m) x (n —m) determinants of the matrix: 
M11 ° + OL n—m 
Ont + * On,n—m 


can vanish identically, since otherwise, X1f,...,Xnf would be linked together by 
a linear relation, which is contrary to the assumption. So, if by a, .. +, Ue We 
understand a general system of values, then according to Chap.[13] p. the group 
X\f,...,Xnf contains exactly oo”! different infinitesimal transformations which 


leave invariant the system of equations: 
0 O.., 
uy = Uy, ---, Un—m = Un_p; 


naturally, these infinitesimal transformations then generate an m-term subgroup, the 
most general subgroup of the group X,f,...,X,/ which leaves fixed the m-times 
extended manifold uj =u, ..., Un—m = U)_,, or shortly M. 

On the other hand, the said m-times extended manifold M now admits also m 
independent infinitesimal transformations of the reciprocal group Z; f,...,Z,f, for 
according to Proposition 7, p. this group contains an m-term subgroup which 
leaves individually fixed each one of the oo”~” manifolds: 


uy =const., ..., Uyz—m = const. 


In addition, it is clear that M cannot admit a larger subgroup of the group 
Zif,---,Znf, for u?,...,u°_,, is supposed to be a general system of values. 

From this, we see that M allows exactly m infinitesimal transformations both 
from the two reciprocal groups X)f,...,X,f and Z| f,...,Z,f, hence from each 
one, a completely determined m-term subgroup. 


We can make these two m-term subgroups visible by choosing an arbitrary system 


of values: Vs ..., v2, in general position and by expanding the infinitesimal trans- 
formations of our two reciprocal groups in powers of: u; — ud, wee Un—m — i, 


V- a sie VR ee Indeed, if we disregard the terms of first order and of higher 
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order, then similarly as on p.|386} we can replace the infinitesimal transformations: 
X1f,...,Xnf by n transformations of the form: 


¢ a) 
Xf = a Hs wag ee u apr ths 
Oi m 
"af OF a 
Xn—m FA Ty tee An bees 
+f Ov} . nf = in 
and we can also replace Z; f,...,Z,f by n transformations of the form: 
7] 7] 
af sea, sey Sn-mf =— 5 ui Cy 
Un—m 
7] 7) 
ee eT eee 
Ovy OV 
Here, X,~m+1f,---,;Xnf are obviously independent infinitesimal transforma- 
tions which leave invariant the manifold: uj = ies 346 in = a and 


3n—m+if,---;3nf are independent infinitesimal transformations which do the 
same; thus, X,)—m+if,---,Xnf and 3n—mi1f,---,3nf are the two m-term sub- 
groups about which we have spoken just now. 

From this representation of the two subgroup, one can yet derive a few noticeable 
conclusions. 

Between X|f,...,X,f, there are relations of the form: 


fe a= y Ciky wads 
and according to p. sq., between 3; f,...,3,f, there are the same relations: 


3s je = Ly Ciky Sls 


with the same constants cjyxy. From this, it comes that the two subgroups: 
Xn—-mtify---,Xnf and 3n—m+if,---;3nf are equally composed. But it even comes 
more. Indeed, since the two groups: X,/f,...,X,f and: Z,f,...,Z,f are related 
to each other in a holoedrically isomorphic way, when to every infinitesimal 
transformation: e; X,;f +---+e,-X,f is associated the infinitesimal transfor- 
mation: e; 3; f+---+e,3,f, and since through this association, the subgroup: 
Xn—-m+if,---,,f obviously corresponds to the subgroup: 3n—m+1f,---,37f, then 
it becomes evident that the two reciprocal groups can be related to each other in 
a holoedrically isomorphic way so that the two m-term subgroups which leave M 
invariant correspond to each other. 
If we summarize the results of the pp.B95]sq., we then have the: 


Proposition 8. [f an m-times extended manifold of the space x,,...,Xn admits 
exactly m independent infinitesimal transformations, and hence an m-term sub- 
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group, of a simply transitive group X\f,...,Xnf of this space, then it admits at 
the same time exactly m independent infinitesimal transformations, and hence an 
m-term subgroup, of the simply transitive group: Z, f,...,Znf which is reciprocal 
to X\f,...,Xnf. The two m-term subgroups defined in this way are equally com- 
posed and it is possible to relate the two simply transitive reciprocal groups in a 
holoedrically isomorphic way so that these m-term subgroups correspond to each 
other. 


98. 


The largest portion of the results of the preceding paragraph can be derived by 
means of simple conceptual considerations. We shall now undertake this, and at the 
same time, we shall yet gain a few further results. 

As up to now, let X,f,...,Xnf and Z| f,...,Znf be two reciprocal simply tran- 
sitive groups in the variables x;,...,x,; moreover, let Z; f,...,Zm jf be again an ar- 
bitrary m-term subgroup of the group Z)f,...,Z,f and let u1,...,Un—m be its in- 
variants. Let the letter S be the general symbol of a transformation of the group 
Zi f,---,Zmf, and lastly, let T be an arbitrarily chosen transformation of the group 
Xi facscekwl: 

Now, if P is any point of the space x,,...,x,, then: 


is the general symbol of a point on the manifold: 
uy =const., ..., Ujz—m = const. 


which passes through the point P. Furthermore, since the transformations S and T 
are mutually interchangeable, we have: 


(PY =P)sST = (P75, 
hence, if we denote by IT the point (P) 7, we have: 
(11) (P’)T = (H)S. 


Here, (IT) S is the general symbol of a point on the manifold: uy = const. passing 
though IT. Consequently, our symbolic equation (11) says that the transformation T, 
hence actually every transformation of the group Xf,...,Xnjf, permutes the oo”~” 
manifolds: uw; = const., ..., U,»-m = const., by transferring each one of these mani- 
folds to a manifold of the same family. 

As a result, the Proposition 6, p. is derived. 

But we can also prove the converse of this proposition by means of such concep- 
tual considerations. 

Let us imagine that an arbitrary decomposition of the space x1, ...,X, in ce” m- 
times extended manifolds invariant by the group X1f,...,Xnf is given, and let us as- 
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sume that M is one of these o0”~” manifolds. By P and P’, let us understand two ar- 
bitrary points of M, and by 7, an arbitrary transformation of the group X1f,...,Xn/f. 
By the execution of 7, let the point P be transferred to IT, so we have: 


on the other hand, there always is in the reciprocal group Z, f,...,Z,,f one, and also 
only one, transformation which transfers P to P’: 


(P) =1P)5. 


Because of: 
(PST SPITS, 


we also have: 
(12) (P)T=Cps. 


We must attempt to interpret this equation. 

To begin with, we assume that the point IT also belongs to the manifold M. In 
this case, the transformation T has the property of leaving M invariant. Indeed, T 
permutes the mentioned o”~” manifolds, but on the other hand, T transfers a point 
of M, namely P, to a point of M, namely the point IT; thus, 7 must transfer all 
points of M to points of M, hence it must leave M invariant. Now, since P’ lies on 
M, then the point (P’)T also belongs to the manifold M, and because of (12), the 
point (IT) S too; but by appropriate choice of T, IT can be an arbitrary point of M, 
hence the transformation S also transfers every point of M to a point of M, so that it 
also leaves invariant the manifold M. 

On the other hand, we can suppose that IT is any point of an arbitrary other 
manifold amongst the ~”~”” in question; if we make this assumption, then we im- 
mediately realize from (12) that S leaves at rest the concerned manifold. 

With these words, it is proved that the group Z) f,...,Z,f contains a transforma- 
tion, namely the transformation S, which leaves individually fixed each one of our 
oo” manifolds. But there are evidently oo” different such transformations, since af- 
ter fixing P, the point P’ can yet be chosen inside M in ” different ways. However, 
there are no more than oo” transformations of this sort in the group Z, f,...,Znf, be- 
cause this group is simply transitive; consequently, the oo” existing transformations 
generate an m-term subgroup of the group Z| f,...,Znf. 

As a result, the Proposition 7, p. is proved. 

Obviously, the manifold M admits, aside from the oo” transformations of the 
group Z| f,...,Z,f, also yet o” transformations of the group X,f,...,Xnf, which 
in turn form an m-term subgroup of this group. This is a result which is stated in 
Proposition 8, p. 
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Something essentially new arises when the number m in the developments just 
conducted is chosen equal to n. Up to now, this case did not come into consideration, 
because to it, there corresponds no decomposition of the space x1,...,Xn. 

If m is equal to n, then the manifold M coincides with the space x1,...,x, itself; 
hence P and P’ are arbitrary points of the space, and by appropriate choice of P and 
P’, S can be any transformation of the reciprocal group Z| f,...,Zn/f. 

If we choose P and P’ fixed, the transformation S is completely determined; next, 
if T is an arbitrary transformation of the group X,/,...,X,, we have: 


(P)ST =(P)TS, 
or, because (P’) = (P)S: 
(13) (P')T =(P)TS. 


Here, by an appropriate choice of the transformation T, the point (P) 7 can be 
brought to coincidence with any arbitrary point of the space x;,...,x,; the same 
holds for the point (P’) 7. Consequently, thanks to the equation (13), we are in a 
position to indicate, for every point 8 of the space, the new position $B’ that it 
gets by the transformation S; we need only to determine the transformation T of 
the group X; f,...,X,,f which transfers P to 8, hence which satisfies the symbolic 
equation: 


Then we have: 


whence: 
(") = (P’)T. 

Now, if we let the point ‘f take all possible positions, or, what is the same, if we 
set for T one after the other all transformations of the group X,f,...,Xnf, then we 
obtain that, to every point of the space x;,...,x, is associated a completely deter- 
mined other point, hence we obtain a transformation of the space x1,...,,, namely 
the transformation S. Lastly, if we yet choose the points P and P’ in all possible 
ways, then we obviously obtain all transformations of the group Z| f,...,Z),f. 

Thus, we can say: 


If two points P and P' of the space x\,...,X, are transformed in cogredient way 
[IN COGREDIENTER WEISE] by means of each one of the " transformations of a simply 
transitive group X|f,...,Xnf, then the transformation which transfers each one of 
the «" positions taken by P to the corresponding position of the point P' belongs 
to the group Z, f,...,Znf reciprocal to the group X\f,...,Xnf. If one chooses the 
points P and P' in all possible ways, then one obtains all transformations of the 


STOUp 24 fy 22,2 y]: 
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It goes without saying that here, the points P and P’ are always to be understood 
as points in general position, or said more precisely, points which lie on no manifold 
invariant by the group X1f,...,Xn/f. 

If one knows the finite equations of the group X;f,...,Xf, then one can use the 
construction just found for the transformations of the group Z; f,...,Z, in order to 
set up the finite equations of this group. 

Let: 

Ne =F icy Wig) (i=1-+n) 


be the finite equations of the group X1/f,...,X,f. If one calls the coordinates of 


the point say x°,...,x9, and those of the point P’ say u°,...,u°, then by the oo” 
p y xX) p y uy y 


2 SE? eo 


transformations of the group X;f,...,X,,f, P receives the oo” different positions: 


0 0 . 
7 7 ipa) (i=1---n) 


and P’ receives the oo” positions: 


! 0 0 ; 
YF by yang, A ijaeeg ly) (i=1-~n). 


Every system of values of the a provides positions for P and P’ which correspond to 
each other; hence if we eliminate from the equations y; = f;(x°,a) and y; = f;(u°,a) 
the parameters a, we obtain the equations: 

(14) A 1G een ec (eerste: pee 
of a transformation of the group Z) f,...,Z,jf, namely the transformation which 
transfers the point P to P’. Lastly, if we let oe ..., x9 and ie, ...,U2 take all possible 
values, we obtain all transformations of the group Z) f,...,Z,f. 

In the equations (14) of the group Z,f,...,Z,f just found, there appear 2n 
arbitrary parameters; however, this is only fictitious, only n of these parameters 
are essential. Indeed, one can obtain every individual transformation of the group 
Z,f,.--,;Znf in co” different ways, since one can always choose arbitrarily the point 
P, whereas the point P’ is determined by the concerned transformation after the 
fixed choice of P. 

From this, it follows that one can also derive in this way all transformations of the 
group Z| f,...,Znf, by choosing the point P fixed once for all, and only by letting 
the point P’ take all possible positions; that is to say, one can insert determined 
numbers for the quantities ae ...,x9 and one only needs to interpret ae vas, as 
arbitrary parameters. 

Thus, the following holds: 


Proposition 9. [f the finite equations: 
Ho = Gj Bip. naga) (i=1---n) 


of a simply transitive n-term group of the space x|,...,Xn are presented, then one 
finds the equations of the reciprocal simply transitive group in the following way: 


In the equations: 


0 0 ; 
=F eae Olan Oy) (i=1--n), 


one confers a fixed value to the x° and afterwards, one eliminates the n quantities 
a1,-.-,An from these equations and from the equations: 


/ 0 0 . . 
VF 5 cnig th pis aay Gg) (i=1--n)5 
the resulting equations: 


! 0) 0 0 0 ; 
VS Vigcieg Vas Rijs hap isssaull, (i=1-+-n) 
with the n arbitrary parameters are the equations of the reciprocal group. The as- 
sumption is that the 7 are chosen so that the point ae ...,X9 lies on no manifold 
which remains invariant by the group: x, = fi(x,a). 
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The Proposition 7, p.B94]is a special case of a general proposition that also holds 
true for certain groups which are not simply transitive. We now want to derive this 
general proposition; on the occasion, we obtain at the same time a new proof for the 
Proposition 7. 

Let X, f,...,X,,f be an n-term group in the variables x1,...,x,, and let the number 
n be not larger than s. In addition, we make the assumption that X,/f,...,X,f are 
linked together by no linear relation of the form: 


Mi Rijideg he) Mf he -F Ka Migs ok) Aaf =O. 


The proposition to be proved amounts to the following: if one knows an arbitrary 
m-term complete system: 2); f = 0, ..., Ymf = 0 that the group X,f,...,X;,f ad- 
mits, then one can always bring the complete system to a form: Y; f =0,..., %inf =0 
such that the infinitesimal transformations Y, f ,...,Ymf are all interchangeable with 
X,f,..-,Xnf, and that in the relations: 


m 
be Y;] = y Tay Miaeg) YS 
v=1 


which hold between Y| f,...,¥nf, the Tjzy are all solutions of the n-term complete 
system? X47 =0)s0.5 407 =O. 

In the special case s = n, where the group X)f,...,X,f is simply transitive, the 
infinitesimal transformations Y; f,..., Yin,f obviously belong to the simply transitive 
group Z| f,...,Z,,f reciprocal to X; f,...,Xn,f; moreover, since the n-term complete 
system X;f = 0, ..., X,f/ = 0 possesses in this case no other solutions than f = 
const., the functions Tj,y are then plain constants so that Y, f,...,Ymnf generate an 
m-term subgroup of the group Z)f,...,Z,,f. We therefore have the Proposition 7, 
p. 394] 
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However, we deal at present with the general case. 
We therefore imagine that an m-term complete system: 
Yif =0, ..., Unf =0 


is presented which admits the group X;f,...,Xnjf, so that the X f and ) f are linked 
together by relations of the form: 


(15) Du, Xx] = X auuvlar- Xs) Dvf (k=1--n; w=1--m) 


(cf. Chap. [13] p.[229). 
To begin with, we now attempt to determine m functions p1,..., Pm of the x so 
that the infinitesimal transformation: 


m 


f=) Pipi Dit 


u=l 


is interchangeable with all the n infinitesimal transformations X;f. We therefore 
have to satisfy the n equations: 


m 


Ma ¥ = 2 Xx Pu Dut + = Pu [Xx, Yul 
= y {Xi — y Ovin pub Daf = 0, 
u=1 v=1 
or, because 2); f,...,2)mf cannot be linked together by linear relations, the follow- 
ing mn relations: 


(16) Xk Pu — ye Ovi Py = 0 (kK=1+--n; W=1--m). 
v=1 


These are differential equations by means of which the p are to be determined. 
If: 


(17) Pi = Pi(x1,.--,%s), see) Pm = Pin(X1, +++ 5Xs) 


is a system of solutions of the differential equations (16), then the equations: 


m 
Xe Pu — y Ovin Pv = 0 


v=1 
are satisfied identically after the substitution: p} = Pj, ..., Pm = Pn. Expressed 
differently: the system of equations (17) in the s +m variables x1,...,X5, P1,---;Pm 


admits the infinitesimal transformations: 
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Mm m 0 
if=Xf+¥V { y avy Pu} of (k=1--n). 
H=1 \v=1 Pu 


Conversely, if a system of equations of the form (17) admits the infinitesimal trans- 
formations £t f,...,U,f, then the functions P;,...,P, are obviously solutions of 
the differential equations (16). 

From this, we see that the integration of the differential equations (16) amounts to 
determining, in the s +m variables x, p, the most general system of equations (17), 
which admits the infinitesimal transformations Ll, f,...,L,f. 

The system of equations to be determined also admits the infinitesimal transfor- 
mations: [L;, L;]. 

By calculation, we find: 


l---m PB) 

u,v Pu 

l---m a 
lr y { Ovin Onky — kn Onin } Pv ot 

M,V,a Pu 


Here, in order to simplify the right-hand side, we form the Jacobi identity (cf. 


Chap. [5) p. 105): 
[Dv, [Xi, Xx]] + [Xi, [Xx Hy | [Xi Mv, Xi] = 0, 


which, using (15), can be written as: 


[Dv Xi, Xd] = VS {Xif, Oven Dus] — (Xef, Ovin Dus}, 
u=1 


or: 


(Mv, [Xi, Xx] = » 1X Oki — Xx Ovin } Duf 
u=1 


1.5m 


=r », { Qvip Qukx — kw Opin} Daf. 
U1 


But now, X,f,...,Xnf generate an n-term group, whence: 
[X;, Xx] = oy Ciko Xof, 


from which it follows: 


m 


[Dv, [Xi, XJ] = py {2 L Cike avon} Daf 


404 20 Transformations Which Are Interchangeable With All Transformations of a Group 
If we still take into account that 2), f,...,2)mjf are linked together by no linear 
relations, we obtain: 


m 


Xj Ovi — Xk Avip + y { Qyin Onku — Ovkn Onin } 


a 
lI 


By inserting these values in the expression found above for [L;, L;], it comes: 
[i Le] = }o Cito of, 
o=1 


so Ly f,..., Unf generate an n-term group in the s+ m variables x, p. 

At present, the question is to determine the most general system of equations (17) 
which admits the n-term group LU, f,...,Lb,f. 

Since X;f,...,X,f are linked together by no linear relation, not all n x n deter- 
minants vanish identically in the matrix associated to UU, f,...,L,f; but obviously, 
these n x n determinants cannot all be equal to zero, even by virtue of a system of 
equations of the form (17). Consequently, every system of equations of the form (17) 
which admits the group Ll, f,...,U,,f is represented by relations between the solu- 
tions of the n-term complete system: Ll f = 0, ..., Unf = 0 (cf. Chap. Theo- 
rem 42, p.[243). 

The n-term complete system Ll) f = 0, ..., Unf = 0 possesses s + m—n indepen- 
dent solutions; s —n of these solutions can be chosen in such a way that they are 
free of the p and depend only upon the x, they are the independent solutions of the 
n-term complete system: X; f = 0, ..., X,,f = 0, and we can call them: 


BY Higa cases avap Ve lMis song he) 


Furthermore, let: 


£2 Divccc yi Miystas Mes 2 aes Ql Dis +eey Die Rls ons ble) 


be m arbitrary mutually independent solutions of the complete system: 1, f = 0, 
..., U,f = 0 that are also independent of the v. 

Since the equations: Lt, f = 0, ..., Unf = 0 are solvable with respect to n of the 
differential quotients 0 f/0x,, ..., 0f/Ox;, the s—n-+m functions »1,...,0s—n, 
Q),...,Qm must be mutually independent relatively to s—n of the variables 
X1,-..,Xs, and relatively to pj,...,Pm. Consequently, Q1,...,Qn are mutually 
independent relatively to p1,..., Pm. 


k After these preparations, we can identify the most general system of equations 
which admits the group Lt, f,..., 4, and which can be given the form (17). 


§ 99. 405 


The concerned system of equations consists of m relations between 01,...,0s—n, 
Q),...,Qm and is solvable with respect to P1,...,Pm; consequently, it is solvable 
with respect to Q),...,Qmm and has the form: 


C18) Wg Wigasas Ping Rtgansghe) = Wir O18 )y caig By gl)| (GT, 


where the ¥ are absolutely arbitrary functions of their arguments. If we solve this 
system of equations with respect to P1,...,Pm, then for P1,...,Pm, we receive ex- 
pressions that represent the most general system of solutions to the differential equa- 
tions (16). 

Thus, the most general system of solutions (16) contains m arbitrary functions 


of b1,...,0s—y. Now, since the equations (16) in the unknowns p,...,P are lin- 
ear and homogeneous, one can conclude that the most general system of solutions 
P1,---;Pm to it can be deduced from m particular systems of solutions: 
L 
Pi Yon, : sgh): lees PM x1, . nedae (U=1--m) 


in the following way: 


m) 


Pv = Vi (Oise: ., Bsn) PW? Teach (i ezaty al Ps 
(u=1--m), 


(19) 


where it is understood that the ¥ are arbitrary functions of their arguments. Natu- 
rally, the m particular systems of solutions must be constituted in such a way that it 


is not possible to determine m functions W,..., Wy, Of 01,...,0s—, Such that the m 
equations: 
. (LL) 
y Wy (01,...,0s—n) Py =0 (v=1--m) 
y=1 


are satisfied simultaneously. 
Lastly, it is still to be observed that the equations (19) are solvable with respect 


to %1,---,X%m, So that the determinant of the pit! ) does not vanish identically. In- 


deed, according to what precedes, one must be able to bring the equations (19) to 


the form (18), and this is obviously impossible when the determinant of the pie ) 


vanishes. 


At present, we can write down the most general transformation: 
m 
Yf= y? PuBDuf 
u=1 
which is interchangeable with X, f,...,X,f (cf. above, p.|402). Its form is: 


Yf= y WA Wis cj Be) y P™ (x1,...5%53) Duf, 


v=1 u=1 
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Or: 
m 


Yf= by Vel Pica Ox wg lyf, 
v=1 


if we set: 


YP Duf =f im). 
u=1 


Here obviously, Y, f,...,Ynf are all interchangeable with X)f,...,Xn,f; further- 
more, the equations: Y; f =0,..., Yin =0 are equivalent to the equations: 2); f = 0, 
..., Umf = 0, and hence they in turn form an m-term complete system that admits 
the group X,f,...,Xnf. 

As a consequence of that, between Y| f,...,Yf, there are relations of the form: 


m 
[Yu Y| — y Tuva(X1,--- Xs) Yaf. 
m=1 


But from the Jacobi identity: 
(Xe, Yu Yel] + [Yys vs Xl] + [%, [Xe Yul] =0, 
in which the last two terms are identically zero, it results immediately: 
[X, [Yu, Yv]] =0. 


We must therefore have: 
m 


Xi Tuva Yrf = 0, 


nm=1 


or, because Y| f,..., Yin f are linked together by no linear relation: 
Xk Tuva =(0 (kK=1---n), 


that is to say: the T, yz are all solutions of the complete system: X; f =0,...,Xnf= 
0, they are functions of b1,...,0s—y alone. 

The complete system: Y; f = 0, ..., Ym, = 0 possesses all the properties indicated 
on p we can therefore enunciate the statement: 


Theorem 70. [f an m-term complete system: Xf = 0, ..., Ymf = in the s vari- 
ables x\,...,Xs admits the n-term group X,f,...,Xyf and if this group is constituted 
in such a way that between X,f,...,Xnf, there is no linear relation of the form: 


M1 (X1,---5Xs) Xf +--+ +Hn(x1,.--,Xs) Xn f =, 


then it is possible to determine m? functions p™) (x1,--.,Xs) with not identically 
vanishing determinant such that the m infinitesimal transformations: 


a 407 
Yf= > PY) (x1,..5%s) Daf (v=1--m) 
u=1 


are all interchangeable with X\f,...,Xyf. In turn, the equations: XY), f = 0, ..., 
Ynf =0 equivalent to Y, f =0,..., Ym f =0 form an m-term complete system that 
admits the group X\f,...,Xnf. Lastly, between Y,f,...,Ymf, there are relations of 
the specific form: 


[Yu Y| = y Vuva(01,---,0s-n) af, 


T=1 


where 01,...,0s—n are independent solutions of the n-term complete system: Xf = 
0, Xf = oll 


+ During the summer semester 1887, in a lecture about the general theory of integration of the differential equations 
that admit a finite continuous group, LIE developed the Theorem 70 which comprises the Theorem 69 as a special 
case. 
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The Group of Parameters 


If one executes three transformations of the space x;,...,x, subsequently, say the 
following ones: 


X= PB xe Mee) (i=1--n) 
(1) eG eee A (i=1---n) 
a = hi(x!, fe ae (i=1--n), 


the one gets a new transformation: 


MI . 
Xj = Of 81 505%) (i=1---n) 
of the space Xj 5.5.15 X%y: 
The equations of the new transformation are obtained when the 27 variables: 
X1,+++,Xp, X},--.,% are eliminated from the 3n equations (1). Clearly, one can ex- 


ecute this elimination in two different ways, since one can begin either by taking 
away the x’, or by taking away the x”. In the first case, one obtains firstly between 
the x and the x” the relations: 


" 
Xj = Bil fil) pene fl) (i=1-+-n), 
and afterwards, one has to insert these values of x//,...,xj; in the equations: 
Ue // I Z 
Xj SPW Seiad) (i=1---n). 


UL 


In the second case, one obtains firstly between the x’ and the x” the relations: 


c= hi(gi(2’), seg tnt )) (i=1--n), 
and then one has yet to replace the x’ by their values: 
Ke = Facing hn) (i=1--n). 
The obvious observation that in both ways indicated above, one obtains in the two 


cases the same transformation as a final result receives a content [INHALT] when one 
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interprets the transformation as an operation and when one applies the symbolism 
of substitution theory. 

For the three substitutions (1), we want to introduce the symbols: S, 7, U one 
after the other, so that the transformation: 


x, Fi ynsey ne) (i=1--n) 


receives the symbol: $7, the transformation: 


xi” = hj(gi(x), seni )) (i=1--n), 


the symbol: TU and lastly, the transformation: x” = @;(x1,...,Xn), the sym- 
bol: STU. We can then express the two ways of forming the transformation: 
xi! = @j(x1,...,Xn) discussed above by saying that this transformation is obtained 
both when one executes at first the transformation: $7 and next the transformation 
U, and when one executes at first the transformation S, and next the transformation 
ru, 


Symbolically, these facts can be expressed by the equations: 
(2) (S7)0 =S(TU)=STU, 


and its known that they say that the operations S, 7, U satisfy the so-called associa- 
tive rule [ASSOCIATIVE GESETZ]. 
We can therefore say: 


The transformations of an n-times extended space are operations for which the 
law of associativity holds true. 


At present, let us consider the specific case where S, 7, U are arbitrary transfor- 
mations of an r-term group: 
/ ‘ 
He Fy ts hag Bicent ae) (i=1+--n). 


In this case, the transformations ST, TU and STU naturally belong also to the 
group in question. We now want to see what can be concluded from the validity of 
the associative law. 


100. 


Let the transformations S, T, U of our group be: 


5: Ke = Fil My evighigy Alynorilly) 
(3) To Se Pings 
Oe: = FG ies Clee 


For the transformation $7, there result from this in the known way equations of 
the form: 


x = beets Qi(a,b), ey @,(a,b)), 
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where the functions (a,b), ..., @,(a,b) are, according to Chap.B] p.[50) mutually 
independent both relatively to a,,...,a,; and relatively to b,,...,b,. 
Furthermore, the equations of the transformation ($7) U are: 


(4) Ke = FA Migs an Q| (p(a,b),c), ae -(@(a,b),c)). 
On the other hand, we have for the transformation T U the equations: 
BS ace ONO pees @r(b,c)), 
hence for S(T U) the following ones: 
(4’) fF ST Mite, | (a, p(b,c)), beey @-(a, p(b,c))). 


Now, it holds: (ST)U = S(TU), whence the two transformations (4) and (4’) 
must be identical to each other; by comparison of the two parameters in the two 
transformations, we therefore obtain the following relations: 


x (1 (a,b), are (a,b), C15 s025¢7) = Oe GijaresGr, 91(b,c), stiaiy @r(b,c)) 
(k=1-7), 


or more shortly: 


(5) x ((a,b), c) = O(a, (b,c) (k=1--r). 
Thus, the functions @1,..., @- must identically satisfy these relations for all values 
of the a, b, c. 


The equations (5) express the law of associativity for three arbitrary transfor- 
mations of the group x; = f;(x,a). But they can yet be interpreted in another way; 
namely, they say that the equations: 


(6) ay, = 0; (a1,..-54r; DipesegDe) (kK=1-+r) 
in the variables a,,...,a, represent a group, and to be precise, a group with the r 
parameters by,...,b,. 


Indeed, if we execute two transformations (6), say: 


ne = OG j.89Gys Discccy Op) 
and: 
a AR Ae, 
one after the other, we obtain the transformation: 
Ti 
ap = x (G1 (a,b), es (a,b), Cl,-- ir) 
which, by virtue of (5), takes the shape: 
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an = Qk (1, -+-54r; pi(b,c), aie @,(b,c)), 


and hence belongs likewise to the transformations (6). As a result, our assertion is 
proved. 


We want to call the group: 


(6) Gy = OA Gig 2255 Ars Digaxes Dy) (k=1---r) 
the parameter group [PARAMETERGRUPPE] Of the group x. = 7 hie aie: 
According to the already cited page [50] the equations a, = @;(a,b) are solvable 
with respect to the r parameters by,...,b,: 
Di = Wil Oi pheesApy Aijee.yd) (k=1--r). 


From this, we conclude that the parameter group is r-term, is transitive, and in fact, 
simply transitive. In addition, the equations (5) show that the parameter group is its 
own parameter group. 

We can therefore say in summary: 


Theorem 71. [f the functions fj(x1,...,Xn, @1,.--,@,) in the equations x’, = f;(x,a) 
of an r-term group satisfy the functional equations: 


fi(fila.a), Ce fie) Pigntenty) igi (a,b), ee, @-(a,b)) 


(i=1--n), 
then the r relations: 
a; = 0;(a1,...,4r, B1,..., br) (i=1--1r) 


determine an r-term group between the 2r variables a and a’: the parameter group 
of the original group. This parameter group is simply transitive and is its own pa- 
rameter group. 


101. 
If the r-term group: x; = fj(x1,--.,Xn, a1,-.-,,) is generated by the r independent 
infinitesimal transformations: 
n Of 
Xf = ¥ Gki(*1,-- + Xn) ae (k=1--r), 
i=l xi 


then according to Chap. [9] p. its transformations are ordered together as in- 
verses by pairs. Evidently, the transformations of the associated parameter group: 
ai. = (a,b) are then also ordered together as inverses by pairs, whence accord- 
ing to Chap. [9] p. [179] above, the parameter group contains exactly r independent 
infinitesimal transformations and is generated by them. 
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We can also establish this important property of the parameter group in the fol- 
lowing way, where we find at the same time the infinitesimal transformations of this 
group. 

In the equations: x; = fi(x1,...,%n, @1,---,@r), if the x; are considered as functions 
of the x and of the a, then according to Theorem 3, p. there are differential 
equations of the form: 


(7) a pe Crees cere G25 ebetiads 


and they can also be written: 


yo | 
(7) Sila, =¥ Opi --+r) 5 (ja1~rsi=l~n. 


Here, according to the Chap. 3] Proposition B.4] p. the ¢j; and the aj, are 
determined by the equations: 


1) — | 2% | _ 
TOs “9 Xn) = SE pai Oje(@1,...,4r) = 2b; 


whose meaning has been explained in the place indicated. 
For the group a, = (a,b), one naturally obtains analogous differential equa- 
tions: 
dal, ; 


Obp 2 Wij (D1, - ++, Br) W jl ats sp) (i, k=1--r) 


in which the yx; have the same signification as in (7), while the w jil@) are deter- 


mined by: 
= 0a; 
WY ji(ai sag) = S| _ 


In consequence of that, the Wj; are the same functions of their arguments as the 
ji; in correspondence to the formulas (7) and (7’), we therefore obtain the two 
following ones: 


(8) =) Wij (b1,...,br) OG) 52450,) (i, k=1--r) 
and: 
da’, 
(8’) i(@),-..,a,) = ». Oj4(D1,..-,br) = (j,i=1--7). 
k=l Ob 
Now, the group: x; = fi(x1,...,%n, @1,--.,@,) contains the identity transformation 


and in fact, we can always suppose that the parameters ay, ...,@° of the identity 
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transformation lie in the region ((a)) defined on p. According to p. Ball the 
determinant: 
> tWi1 (a’) Wir(a’) 
is then certainly different from zero. 
On the other hand, it is clear that, also in the family of the transformations: aj, = 
(;,(a,b), the identity transformation: a =, ..., d,. = dy appears, and even, that 
the transformation: 


! 0 0 
Oy = Ol Gins in Oy GO aval, (k=1-+r) 


is the identity transformation. Thus, if we take into account the existence of the dif- 
ferential equations (8) and if we apply the Theorem 9, p.[80] we realize immediately 
that the family of the co” transformations: a; = (a,b) coincides with the family of 
the co”! one-term groups: 


r r Of 
a? 2, siyenisg ae 


Consequently, the group: a, = (a,b) is generated by the r infinitesimal trans- 
formations: 
Of 


Z 
Ay = »y 0, ;(1,--- Ar) =— (k=1--r) 
‘| Oa al 
J 
Naturally, these infinitesimal transformations are independent of each other, since 
there exists between them absolutely no relation of the form: 


Mi ig ecap Gy Ars F822 W 4) 0x2 App =O, 


as we have already realized in Chap.) Theorem 3, p. on the other hand, it can 
also be concluded from this that the parameter group is simply transitive (Theo- 
rem 71). 


In what precedes, we have not only proved that the group: a), = @;(a,b) is gen- 
erated by infinitesimal transformations, but we have also found these infinitesimal 
transformations themselves. From this, we can immediately deduce a new important 
property of the group: a, = @;(a,b). 

The r infinitesimal transformations: X)f,...,X,f of the group: x; = fji(x,a) are 
linked together by relations of the form: 


[Xi, X;] = y Ciks Xsf, 


and according to Theorem 21, p.|160} there are, between A; f,...,A;f, relations of 
the same form: 


' According to the footnote, this determinant is equal to (—1)". 
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[A;, Ax] = . CiksAsf , 


with the same constants cjx;. By applying the way of expressing introduced in 
Chap. [17] p.,and p. we can hence state the following theorem: 


Theorem 72. Every r-term group: 

RSF gece it (i=1--n) 
is equally composed with its parameter group: 

Be Pe Giganscsllis DigscayOy) (k=1--r), 


or, what is the same, it is holoedrically isomorphic to it. If the infinitesimal trans- 
formations of the group: x’, = f;(x,a) satisfy the relations: 


Ox, 


g jil Kien aoe, -¥ OL jk ( QA1,---, a) aa. (i=1--n; j=1--r), 
then the r expressions: 
a oF 
Ajf=)) agai 1.2 dy) = (j=1--r) 
J J ’ »4r 
k=1 dag 


represent r independent infinitesimal transformations of the parameter group|l 
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As usual, let: 


a of 
Xef = 2 Stilton) 5 (k=1--r) 


be independent infinitesimal transformations of an r-term group in the variables 
X15--+5%Xn- 

Under the guidance of Chap. [9] p. and p.[168] one determines r independent 
infinitesimal transformations: 


Of 


Arf = ys Oj (41, ---,@r) > 
J 


i= 


which are linked together by no linear relation of the form: 


41(a1,...,ar)ALf +---+2%-(a1,...,4r) Arf =, 


but which stand pairwise in the relationships: 


+ LIE, Gesellschaft d. W. zu Christiania 1884, no. 15. 
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[Ai, Ax] = y Ciks Asf ; 


in other words, one determines r independent infinitesimal transformations of 
any simply transitive r-term group which has the same composition as the group 
Xp fraves hyp. 

Afterwards, one selects any system of values: @,...,d@, in the neighbourhood 
of which the @;;(a1,...,a,) behave regularly and for which the determinant 
Y +0 1--: @,; does not vanish, and then, relatively to this system of values, one 
determines the general solutions of the r-term complete system: 


n r 
» éy(a) +) OE ta = 0 
e)) i=l j=l o 
(k=1---r) 
in the n+ r variables: x,...,);,@1,---,4r- 
Now, if Fy (x},---,%), Q1,---,4r), ..., Fn(’, a) are the general solutions in ques- 
tion, one sets: 
- / / : e 
MES FAM cess Qigienge) (i=1--n); 
by resolution with respect to x/,...,x/,, one obtains equations of the form: 
/ 7 ‘ 
67 ice tie Gio) (i=1---n) 


which, according to Theorem 23, p. represent the finite transformations of an 
r-term group, namely of the group: X)f,...,X/-f itself. 

In the mentioned theorem, we already observed that the equations: x; = f;(x,a) 
can be brought to the form: 


leer 
Cpe; 
naa), enXexit XX jx (i=1---n) 


after the introduction of new parameters, so that these equations represent the finite 
equations of the r-term group which is generated by the infinitesimal transforma- 
tions: X1f,...,X,f: 

It has no influence whether we choose the group A, f,...,A;f or any other group 
amongst the infinitely many simply transitive groups which have the same compo- 
sition as the group X f,...,X;,f, and it is completely indifferent whether we choose 
the system of values @,...,d@, or any other system of values: in the way indicated, 
we always obtain an analytic representation for the finite transformations of the 
group: X,f,...,X;f. 

We also made this remark already in Chap.[9] though naturally not with the same 
words. But at present, we have reached a point where we can see directly why one 
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always obtains the equations of the same group for various choices of the group: 
Ajf,...,Arf and of the systems of values: @,...,G;. 


Indeed, let: 


: 7) 
Qi f = » Bj(ar,---sar) <2 (k=1+-r) 
j=l my 


be any other simply transitive group equally composed with the group: X,f,...,X-f 
for which the relations: 


[2l;, A;| = yy Ciks Ae f 
s=1] 


are identically satisfied, and moreover, let: ay ..., a2 be any system of values in the 
neighbourhood of which all Bj ;(a) behave regularly and for which the determinant 
Y + B11 --- B,- does not vanish. 

Because the two groups: A; f,...,A,f and 2, f,...,2,f are equally composed 
and are both simply transitive, then (Theorem 64, p. there are oo’ different 
transformations: 


eS A Gigs sicily Clpcaegl p) (kK=1-+r) 
which transfer 2; f,...,2.f to: A; f,...,A,f, respectively. The equations of these 
transformations are solvable with respect to the arbitrary parameters: C1,...,C;, so 
in particular, one can choose C},...,C; in such a way that the equations: 

ay = Ax (a? We 6 C (= 

Oi Ail 5 52 vag Opp yuna sgher) (k=1--r) 


are satisfied. 
If: C°,...,C° are the values of C,,...,C, obtained in this way, and if one sets: 


Ae Cissy Oy cmcg ) I Oiesas@l) (k=1-7), 


then the equations: 


(10) Ax = M(a1,..., A) (k=1--r) 
represent a transformation which transfers 2) f,...,2,f to: Aj f,...,A,f, respec- 
tively, and which in addition transfers the system of values: ay ..., a2 to the system 
of values: @,...,G;. 

From this, it results that we obtain the general solutions of the complete system: 
(9’) Xi f+Af =0 (k=1--r) 
relatively to: aj = a), ..., a, = a2 when we make the substitution: a) = (a), ..., 


dy = 7,(a) in the general solutions: 


al / / ‘ 
Pl Kp ii dig hy gece) (i=1-+n) 
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of the complete system (9). Therefore, if we had used, instead of the simply tran- 
sitive group: A; f,...,A;f, the group: 21, f,...,2l-f, and if we had used, instead of 


the system of values: Z,...,d,, the system of values: a?,...,a®, then instead of the 
equations: x; = f;(x1,...,%n, @1,-..,@,), we would have received the equations: 
/ a 5 
i= Figs tas a.) 7,(a)) (i=1--n). 


But evidently, these equations are transferred to the former ones when the 
new parameters a 1,...,a, are introduced in place of aj,...,a, by virtue of the 
equations (10). 


As in the paragraphs 100 and 101, p. sq., we want again to start with a 
determined form: 


BS Ficus, Ojai) (i=1--n) 


of the group: Xf,...,X;f, and as before, we let ay ear a denote the parameters 
attached to the identity transformation: x; = xj. 

Then it is easy to identify the complete system, the integration of which conducts 
precisely to the equations: x; = f;(x, a). 

The complete system in question has simply the form: 


X,+Arf =0 (Sor, 
where, in the infinitesimal transformations: 


: ,) 
Af = »; aj ats...) 5 te Tiy, 
j=l aj 


the functions a; ;(a) are the same as in the differential equations (7’). If: 
Fi snesg ta tinetes Ar) (i=1++-n) 


denote the general solutions to the complete system: X;f +A;f = 0 relatively to: 


a, =a',..., ay =a®, then by resolution with respect to x},...,x/,, the equations: 


eed (ee 
/ / ‘ 
TMi sans Gi grungy) (i=1---n) 


give the equations: x; = fj(x,a) exactly. All of this follows from the developments 
of the Chaps. Bland [9] 

We now apply these considerations to the parameter group associated to the 
group: x; = f;(x,a), whose equations, according to p. have the form: 


di, = O(a}, ---, Ar, Digataa De) (kK=1--r) 


and whose identity transformation possesses the parameters: b) = a, sting Dp. 
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The complete system, through the introduction of which the equations: a, = 
~.(a,b) of the parameter group can be found, visibly reads: 


r of r af 
! j in — Oe as IN 
2, Milas) aay + 04,;(b1,-.-,Br) ab; O (k=1-r) 


If we determine the general solutions: 
Hay pceigl Dizeeni Dr) (j=1--r) 


of this complete system relatively to: by = ar and if we solve afterwards the equa- 
tions: 
Gp Oy aicie yy Diyacn, Oe) (j=1-+r) 


with respect to a',,...,a/., we obtain: ai, = @;(a,b). 
Thus, the following holds: 


Theorem 73. /f one knows the infinitesimal transformations: 


Of 


aa; (k=1--r) 


: 
Acf =) O%j(a1,...,4r) 
jal 


of the parameter group of an r-term group and if one knows that the identity trans- 
formation of this group possesses the parameters: a), ...,a°, whence the identity 
transformation of the parameter group also possesses the parameters: a paige, 
then one finds the finite equations of the parameter group in the following way: One 


determines the general solutions of the complete system: 


- of < Of 
(a!) —— (b) —— =0 =leer 
d mi) 3g + De Ok; ( ab: (k=1--r) 
relatively to: by =a), pea if: 
F(A) 5 c0gyy Diy exn4Dr) (j=1--r) 


are these general solutions, then one obtains the sought equations of the parameter 
group by solving the r equations: 


@} = Hj Gjy 250, Diya 2s5Dr) (j=1-+1r) 


with respect to a),...,d,,. 


, 
If, in an r-term group x; = f;(x,a), one introduces new parameters a, in place 
of the a, then group receives a new form to which a new parameter group is also 
naturally associated. 
The connection between the new and the old parameter groups is very simple. 
Indeed, if the new parameters are determined by the equations: 
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aj=Aj;(q1,...,ar) (j=1--r), 
then the new form of the group: x’ = fi(x,a) is the following one: 


xj = patsee ++5Xny Ai (a), ae | A-(a)) (i=1--n), 


and the new parameter group reads: 


Aeah,...,0) = Oe(Ar(a), ..., Ar(a), Aa(b), ...,Ap(6)) 
(k=1---r) 


while the old one was a), = (a,b). Consequently, the new one comes from the old 
one when by executing the substitution a; = A;(a) both on the a and on the b, that 
is to say, by inserting, for the a’, a, b, the following values: 


a; =Aj(a'), aj=A,(a), bj; =A,;(6) (j=1--r) 
in the equations: a), = (a,b). 
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According to Theorem 72, p. every r-term group has the same composition 
as its parameter group, and consequently, the r-term group which have the same 
parameter group are equally composed with each other. 

Now, we claim that conversely, two equally composed r-term groups can always 
be brought, after the introduction of new parameters, to a form such that they two 
have the same parameter group. 

In order to prove this claim, we imagine that the infinitesimal transformations of 
the two groups are given; let the ones of the first group be: 


a) 
ne a 
and the ones of the other group be: 
m of 
= y Mig 1) +++. Ym) > — (k=1-+r). 
p=1 Yu 


Since the two groups are equally composed, we can assume that the X;f and the 
Y, f are already chosen in such a way that, simultaneously with the relations: 


be X,] = y Ciks Xsf, 


the relations: 


ieee = y Ciks Ve f 
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hold. 
Lastly, we yet imagine that 7 independent infinitesimal transformations: 
é of 
Ayf = Oe; ( Gian Ar) = — (k=1---r) 
j=l daj 


are given which generate a simply transitive r-term group equally composed with 
these groups and which stand pairwise in the relationships: 


. 
Ai, Ag] =) cits Asf. 
s=1 


At present, we form the complete system: 
Xf +Arf =0 (k=1-~7) 
and we determine its general solutions: 
Fr Gioncih Girnate (i=1---n) 


relatively to an arbitrary system of values: ay; = ay ..., ay = a9; furthermore, we 
form the complete system: 


¥f +Af =0 (k=1--7) 


and we determine its general solutions: 


/ / : 
Suissa Ine Cline) (i=1---7) 
relatively to the same system of values: ay = ad. 
In addition, we yet solve the n equations: x; = F;(x’,a) with respect to x},...,x): 
(11) FSF hie Higoeng (i=1--n), 


and likewise, the m equations: yy = ¥y()’,a) with respect to y),...,¥n: 


(11’) Vp = Fats «+s Ym Qty ++ Ay) (U=1--n). 


In whichever form the finite equations of the group: X)f,...,X,f are present, 
then obviously, they can be brought to the form (11) by introducing new parameters, 
and likewise, in whichever form the finite equations of the group: Y; f,...,Y,f are 
present, they can always be given the form (11”) by introducing new parameters. 

But the Theorem 73 p.[419]can be applied to the two groups (11) and (11’). In- 
deed, in the two groups, the identity transformation has the parameters: a’, ee 
and for the two groups, the associated parameter groups contain the r indepen- 
dent infinitesimal transformations: A; f,...,A;f, and consequently, according to the 
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mentioned theorem, one can indicate for each one of the two groups the associated 
parameter group, and these parameter groups are the same for both of them. 

As aresult, the claim stated above is proved. — 

Thus, it is at present established that two groups which have the same parameter 
group are equally composed, and on the other hand, that two groups that which are 
equally composed, can be brought, by introducing new parameters, to a form in 
which they two have the same parameter group. Thus, we can say: 


Theorem 74. Two r-term groups: 


=F (Misses ici) = 1-08) 
and: 
/ 
Vu = 8p (V1y-+ +s Ym Cijawe sly) (u=1---m) 
are equally composed if and only if it is possible to represent the parameters: 
a,..., a, as independent functions of the a: 
OS Vil ips igllp) (k=1--r) 


in such a way that the parameter group of the group: 


Yu =S8u (v1,. ++ Ys ui(a), a - Xr(a)) (u=1---m) 
coincides with the parameter group of the group: x, = f;(x,a). 


It is particularly noticeable that our two equally composed groups: X1f,...,X-f 
and: Y, f,...,Y,f then have the same parameter group when one writes their finite 
equations under the canonical form: 


r ler 
Ce; 
(12) xhaag + YY eeXeai + YX X pit (i= 1) 
k=1 kj 
and, respectively: 
r lr 
ere j 
(12) Yu =Yut DY ee%eyuet Yo Toe (u=1--m). 
k=1 kj 


In fact, from the developments in Chap. [4] Sect. it follows that the equa- 
tions (11) receive the form (12) after the substitution: 


r lr 
ere; 
a3) et Dee Acar] go + d 55 eA sav] to 


(v=1-r) 


and that the equations (11’) are transferred to (12’) by the same substitution. 
Now, since the equations (13) represent a transformation between the parameters: 
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a,...,da, and e;,...,e, and since the two groups (11) and (11’) have their parameter 
group in common, it follows that one and the same parameter group is associated 
to the two groups (12) and (12’). 

Thus, the following holds: 


Proposition 1. Jf the r independent infinitesimal transformations: 


ie 
OX; 


n 
Xf = Yo Sa(mi,---,%n) (k=1--r) 
i=1 
stand pairwise in the relationships: 


bes Ag = y Ciks Xs SF 


and if, on the other hand, the r independent infinitesimal transformations: 


Vif = Ly Mew (Y1s +m) 5 — (k=1--r) 
y=1 Yu 
stand pairwise in the same relationships: 
Yi, Ye] = = Ciks Vf, 
then the two equally composed groups: 
Xx; ovata ys ul 5 Xe a (i=1--n) 
k=l kj 
and: 
Vii = + tout 4 L. LY Livy te (u=1--m) 


k, 
J 
possess one and the same parameter group. 


At present, we imagine that two arbitrary equally composed r-term groups: 


R= FAK sess Rg Otgnc ng) (i=1---n) 


and: 
Vor = Falviy ++, Vre Qs +++ Gr) (u=1---m) 
are presented which already have a form such that the parameter group for both is 
the same. 
Let the infinitesimal transformations of the parameter group in question be: 
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- F) 
Arf = yy aj(aiy- yar) 2 = 19) 
j 


j=l 


and let them be linked together by the relations: 


[A;, Ax] = z Ciks Asf. 
According to p. [413] xj,...,x),, when considered as functions of x1,...,Xn, 
a,,..-,d,, satisfy certain differential equations of the form: 
s y 
6 = Lax i incase ") Fa, Galenqeten): 


Here, the €;;(x’) are completely determined functions, because by resolution of the 
equations: x, = f;(x,a), we get, say: x; = F;(x’,a), whence it holds identically: 


0 fi(x,4) 
cal ee “9 Xn) =a jk (1 get ) |e Od io 


v] 


so that we can therefore find the €j;(x’) without difficulty, when we want. 
According to Theorem 21, p. the r expressions: 


=. af 
Xef= Qe Guilty. on) 3 tei 


are independent infinitesimal transformations and they are linked together by the 
relations: 


[Xi, X;| = y Cis Xs ff 


naturally, they generate the group: x; = f(x, a). 
For the group: yi = fu(y,a), there are in a corresponding way differential equa- 
tions of the form: 


Nju( Viges ig Ve) =¥ nee + a een (j=1--r; U=1--m), 


where the 7) jy(y’) are completely determined functions. The r expressions: 


m 0 
i=), Osa 


(k=1-~7r) 
u=l Ou 


are independent infinitesimal transformations and they are linked together by the 
relations: 
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Yi, Ye] = y Ciks Vsf 


naturally, they generate the group: y,, = fu(),@). 
At present, exactly as on p.[422] we recognize that, after the substitution: 


P 
ay =ay+ Ye Le (v= l=7), 
k=1 


the groups: x, = f;(x,a) and: y\, = fu(y,a) receive the forms: 
i L iM 


P 
x = = > er XnXj ter: (i=1+-n) 
k=] 
and, respectively: 
; 
Yu =Yut Yo eeYeyy te (u=1---m). 
k=1 


Therefore, we get the 
Proposition 2. [f the two r-term groups: 
P= 1 ea tive (i=1---n) 


and: 
Vu = fas «+s Yms Ay --+ Ar) (u=1---m) 
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have the same parameter group, then it is possible to introduce, in place of the a, 


new parameters: €,,...,€; So that the two groups receive the forms: 
a 
y=xut+y CEA" (i=1--n) 
and, respectively: 


i 
Yu =a t Ly ee Mey to (u=1m); 
k=1 


here, X\f,...,Xrf and Y\f,...,Y,f are independent infinitesimal transformations 


of the two groups such that, simultaneously with the relations: 
[Xi, X¢] = 3 Ciks Xs f 


there hold the relations: 
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. 
Yn) =) cae, 
s=l 


so that the two groups are related to each other in a holoedrically isomorphic way 
when the infinitesimal transformation e, Y, f +---+ e-Y¥;f is associated to every 
infinitesimal transformation: e; X\ f +--+: +e,-X;f. 


Now, about the two groups: x}; = fi(x,a) and: y,, = fu(y,@), we make the same 
assumptions as in Proposition 2; in addition, we want to assume yet that: a, = 
(a,b) are the finite equations of their common parameter group. 

Under this assumption, the following obviously holds true of each one of the two 


groups: If two transformations of the group which have the parameters: aj,...,d; 
and: b,,...,b,, respectively, are executed one after the other, then the resulting 
transformation belongs to the group and it possesses the parameters: @) (a,b), ..., 
Q,(a,b). 


We can express this fact somehow differently if we mutually associate the trans- 
formations of the two groups in a way so that every transformation of the one group 
corresponds to the transformation of the other group which has the same parame- 
ters. Indeed, we can then say: if S is a transformation of the one group and if G is 
the corresponding transformation of the other group, and moreover, if T is a sec- 
ond transformation of the one group and if & the corresponding transformation of 
the other group, then the transformation ST of the one group corresponds to the 
transformation G % in the other group. 

Such a mutual association of the transformations of both groups is then, according 
to Theorem 74, p. always possible when and only when the two groups are 
equally composed. So we have the: 


Theorem 75. Two r-term groups are equally composed if and only if it is possible to 
relate the transformations of the one group to the transformations of the other group 
in a univalent invertible way so that the following holds true: If, in the one group, 
one executes two transformations one after the other and if, in the other group, one 
executes one after the other and in the same order the corresponding transforma- 
tions, then the transformation that one obtains in the one group corresponds to the 
transformation that one obtains in the other group\| 


The above considerations provide a new important result when they are applied to 
the Proposition 1, p.[{423] In order to be able to state this result under the most simple 
form, we remember two different things: firstly, that the two groups: X1f,...,X-f 
and: Y, f,..., Y; are related to each other in a holoedrically isomorphic way when to 
every infinitesimal transformation: e; X; f +---+e,X,f is associated the infinitesi- 
mal transformation: e; Y; f+---+e,Y,f, and secondly, that the expression: e; X; f+ 
----+e,X,f can also be interpreted as the symbol of a finite transformation of the 


+ Cf. LIE, Archiv for Mathematik og Naturvidenskab 1876; Math. Ann. Vol. XXV, p. 77; G. d. W. zu Christiania, 
1884, no. 15. 
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group: X,f,...,X,f (cf. Chap. [17] p.BOIand Chap. [15] p.[264). By taking this into 
account, we can Say: 


Proposition 3. Let the two equally composed r-term groups: 


n of 
Xi f = d Cpe (Mi gcc) ay (k=1-1) 
and: , ; 
i s Mie (OAs 59m) (k=1--7r) 
H=l Yu 


be related to each other in a holoedrically isomorphic way when one associates to 
every infinitesimal transformation: e, X\f +---+e,-X;f the infinitesimal transfor- 
mation: e, Y, f +---+e,Y,f so that, simultaneously with the relations: 


[Xi, Ay| = x Ciks Xs f 


there hold the relations: 
Yi, Ye] = y Gig VF, 


Then, if one interprets the expressions: Ye; X;,f and Ye, Y,f as the general sym- 
bols of the finite transformations of the two groups: X,f,...,X;f and Y\f,...,Y-f, 
the following holds true: If the two transformations: Ye, X;f and Ye, Xf of the 
group: X\f,...,X;f give, when executed one after the other, the transformation: 
ye Xf, then the two transformations: Ye. ¥,f and Ye. Y;f give the transforma- 
tion: ¥, e Y;.f when executed one after the other. 


Thus, if one has related two equally composed r-term groups in a holoedrically 
isomorphic way in the sense of Chap. p. then at the same time thanks 
to this, one has established a univalent invertible relationship between the finite 
transformations of the two groups, as is written down in Theorem 75. 

But the converse also holds true: If one has produced a univalent invertible rela- 
tionship between the transformations of two r-term equally composed groups which 
has property written down in Theorem 75, then at the same time thanks to this, the 
two groups are related to each other in a holoedrically isomorphic way. 

In fact, let: x; = fi(x1,...,%n,41,---,4,) be the one group and let: Yu = 
fuQv1,---.¥m,41,-..,ar) be the transformation of the other group that corre- 
sponds to the transformation: x; = fj(x,a). Then the two groups: x, = fj(x,a) 
and yi, = fu(y,@) obviously have one and the same parameter group and hence, 
according to Proposition 2, p. [425] by introducing appropriate new parameters: 
€1,...,é,, they can be given the following forms: 


: 
4="u+y gO ie a (i= 1-1) 
k=1 
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and: F 
Yu =Yut Vo eeYeye te (u=1--m). 
k=1 

From this, it results that the said univalent invertible relationship between the trans- 
formations of the two groups amounts to the fact that, to every finite transforma- 
tion: e; X; f/+---+e,X;,f of the one group is associated the finite transformation: 
e: Yi f+--:-+e,Y,f of the other group. Therefore at the same time, to every in- 
finitesimal transformation: )° e;, X;f is associated the infinitesimal transformation: 
Y ex¥,f, and as a result, according to Proposition 2, a holoedrically isomorphic 
relationship between the two groups is effectively established. 


In the theory of substitutions, one defines the holoedric isomorphism of two 
groups and the holoedrically isomorphic relationship between two groups dif- 
ferently than what we have done in Chap. There, one says that two groups 
with the same number of substitutions are “equally composed” or “holoedrically 
isomorphic” when one can produce, between the transformations of the two 
groups, a univalent invertible relationship which has the property written in the 
Theorem 75, p. if such a relationship between two holoedrically isomorphic 
groups is really established, then one says that the two groups are “related to each 
other in a holoedrically isomorphic way”. 

But already on p. we observed that materially [MATERIELL], our definition 
of the concept in question corresponds precisely to the one which is usual in the 
theory of substitutions, as far as such a correspondence may in any case be possi- 
ble between domains so different as the theory of substitutions and the theory of 
transformation groups. 

Our last developments show that the claim made on p.BOIJis correct. From Theo- 
rem 75, p: it results that two r-term groups which are holoedrically isomorphic 
in the sense of Chap.[17] p.B0O1|must also be called holoedrically isomorphic in the 
sense of the theory of substitutions, and conversely. From Proposition 3, p.[427]and 
from the remarks following, it is evident that two r-term groups which are related 
to each other in a holoedrically isomorphic way in the sense of Chap. p. 
are also holoedrically isomorphic in the sense of substitution theory. 

It still remains to prove that our definition of the meroedric isomorphism (cf. Chap. p. 
also corresponds to the definition of meroedric isomorphism that is given by the theory of substitu- 
tions. 

Let X\f,...,X;—~gf,--.,X-f and Y\f,...,¥,—¢f be two meroedrically isomorphic groups and let 
X,—-q+if,---,X,f be precisely the invariant subgroup of the r-term group which corresponds to the 
identity transformation of the (r—q)-term group. Lastly, let A; f,...,A,f be a simply transitive group 
in the variables a;,...,a, which has the same composition as X;f,...,X;. Here, we want to assume 
that a),...,@,;—q are solutions of the complete system: 


Ar—qtif =9, +, A-f =0. 


After this choice of the variables, A; f,...,A,—f possess the form: 
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=) af. af 
Arf = ) Og(a1,...,4r-g) 5— + Buj(a1,.--,4r) =— 
L Oa; ao i 0a; 
(k=1--r—q), 
while A,_giif,..-,Arf have the form: 
if re) 
Axf = yy Byj(a1,.-- Gr) ct (k=1--r—q+l1). 
j=r-qt+l aj 


At the same time, it is clear that the reduced infinitesimal transformations: 


i 4 of 
Axf = y Oi (41 +++ ,Ar—g) > (k=1--r—q) 
i=l qj 
generate a simply transitive group equally composed with the (r — q)-term group Y| f,...,Y-—¢f. 
If one denotes by By f, By f the infinitesimal transformations A, f, A, f written down in the vari- 
ables b instead of the variables a, then according to earlier discussions, one finds the parameter group 
of the (r— q)-term group Y|f,...,Y;—¢f by integrating the complete system: 


Arf +Byf =0 (k=1--r—q), 
and also the parameter group of the r-term group X|f,...,X, by integrating the complete system: 
Arf +Brf =0 (k=1-+r). 


If the equations of the parameter group associated with the (r — qg)-term group obtained in this 

way are, say: 

ay = O(a,..- jp gs Ptigaray Drag) (k=1--r—q), 
then it is clear that the parameter group associated with the r-term group is representable by equations 
of the form: ; 

ay = (a1 prey Gr—qy bi, eee »Dr_q) (k=1--r—q) 

G, = Wil@i, << 0p, Bigs0i5By) (i=r—qt+l1--r). 
From this, it follows that the groups Xf,...,X;f and Yi f,...,Y;—qf are meroedrically isomorphic 
in the sense of substitution theory. 


At present, we want to derive the result obtained just now yet in another way. However, we do not 
consider it to be necessary to conduct in details this second, in itself noticeable, method, because it 
presents great analogies with the preceding developments. 

We imagine that the transformation equations: 


CSG ecw) (i=1---n) 


are presented, but we leave undecided whether the a are essential parameters or not. Now, if the fj 
satisfy differential equations of the form: 


Of; r 
7 = We ltipsccgiy) Cu fioada) 


which can be resolved with respect to the € jj: 
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r Of; 
Ej f il a (ay prety a;) Oa, ’ 


then we realize easily (cf. Chap. |4} Sect. that every transformation: x; = fj(x,a) whose param- 
eters a lie in a certain neighbourhood of @,...,@, can be obtained by executing firstly the transfor- 
mation: x; = f(x, @), and then a certain transformation: 


/ = =, 
X; = Wwi(%1,---,Xn, A1,---, Ar) 


of a one-term group: 


r n fa 
MX f +2 +X f= Vo aL Salx) = 
k=l isl 


i 


In addition, we find that the concerned values of the parameters A only depend upon the form of the 
functions o;,(a), and on the two systems of values @ and a, as well. 
Under the assumptions made, when one sets: 


Ya a) st dae y Ei (x’ — =Xjf, 
one now obtains (compare with the pages sq.) that relations of the form: 


[X}, Xi] = Digs Hy 54s i Miyy As a> yl IMF 


is 


lI 
~_ 


(Ai, Ax] = Digs (x4, -- phigisigdy Age 


~~ 


II 
es 


hold, in which the 3, are even independent of the x’. However, contrary to the earlier analogous 
developments, it cannot be proved now that in the fwo latter equations, the & can be set equal to 
absolute constants. But when we consider only the equations: 


=¥ Diks (a )X, of ’ 
it is clear that by particularizing the a, they provide relations of the form: 
t 
Xi] = Vi cins Xs f 
s=1 


in which the cj, denote constants. Hence it is also sure under our present assumptions that all finite 
transformations A; X,f + ---+A,X,f form a group which possesses the same number of essential 
parameters as the family x; = f;(x,a). 


On the other hand, let X{f,...,X/f denote r infinitesimal transformation that are not necessarily 
independent and which stand in the relationships: 


. 
AG] = ¥ ci Xf: 
s=1 


furthermore, let: 


Ad = 2 Gal eineste) oy. (k=1--r) 
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be r independent infinitesimal transformations of a simply transitive group whose composition is 
given by the equations: 


- 
[Aj, Ax] = y Ciks Asf. 
s=1 


At present, we form the r-term complete system: 


Xif + Arf =0 (k=1-7), 
we compute its general solutions F),...,F,, relatively to a suitable system of values a; = a, ae 
— a? and we set: x} =F), ..., X» = Fy. Afterwards, the equations resulting by resolution: 
/ 
Xp = fic(X1,--+5%n; A1,--- Ar) 


determine a family of at most oo” transformations which obviously comprises the identity transfor- 
mation x; = Xz. 
Now, by proceeding exactly as on p. we obtain at first the system of equations: 


Fr ox! 
Y aula) = Eve’), 
p=1 au 
and then from it, by resolution: 
Oxy 
SY = Y yuj(a) Eiv(e"). 
uM j=l 


From this, we conclude: firstly, that the family x; = f;(x,a) consists of the transformations of 
all one-term groups )) A, X;f, secondly, that all these transformations form a group with at most r 
essential parameters, and lastly thirdly that from the two transformations: 


x; = fi(x,a), x = fi(x’,b), 


a third transformation x/’ = f;(x,c) comes into existence whose parameters: cj = @) (a,b), ...,¢- = 
(a,b) are determined by these two systems of values a,, bj and by the form of the functions 0%; (a). 

But with this, the result obtained earlier on is derived in a new manner, without that we need to 
enter further details. 


If a given r-term group X)f,...,X;—qf,...,X,f contains a known invariant subgroup, say 
X;—q+if,.--,X,f, then at present, we can easily indicate a meroedrically isomorphic (r — g)-term 
group, the identity transformation of which corresponds to the said invariant subgroup (cf. p. 
footnote). In fact, one forms a simply transitive group Aif,...,A;—qf,...,Arf in the variables 


a,...,@, which is equally composed with the r-term group X,/f,...,X;f. At the same time, we can 
assume as earlier on that a),...,d,—g are invariants of the q-term group A,_941f,..-,A,f. Then if 
we again set: 
- af. x af 
Af = 3 Oi (41,---,4r—g) =— + y Byj(a) =— 
= Oa 0a; 
i= j=r-q+l J 
(k=1--r—q), 
then the reduced infinitesimal transformations: 
= 4 of 
Axf = » Oi (A15-++ Arq) 5 (k=1--r—q) 
i=l aj 


obviously generate an (r — g)-term group having the constitution demanded. 
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In addition, it results from these developments that every proposition about the composition of 
(r — q)-term groups produces without effort a proposition about the composition of r-term groups 
with a q-term invariant subgroup. This general principle which has its analogue in the theory of 
substitutions will be exploited in the third volume| 


104. 


In Chap. [19] Proposition 3, p. we gave a remarkable form to the criterion for 
the similarity of equally composed groups; namely, we showed that two equally 
composed groups in the same number of variables are similar to each other if and 
only if they can be related to each other in a holoedrically isomorphic, completely 
specific way. 

Already at that time, we announced that the criterion in question could yet be 
simplified in an essential way as soon as two concerned groups are transitive; we 
announced that the following theorem holds: 


Theorem 76. Two equally composed transitive groups: 


_y Of 
f= Qe Ski + Mn) BE (k=1--r) 
and: , : 
Zif = ¥V Ceilyi,---s¥n) a 169) 
i=l Yi 


in the same number of variables are similar to each other if and only if the fol- 
lowing condition is satisfied: If one chooses a determined point cor ...,x9 which 
lies on no manifold invariant by the group: X\f,...,X;f, then it must be possible 
to relate the two groups one to another in a holoedrically isomorphic way so that 
the largest subgroup contained in the group: X\f,...,X;f which leaves invariant 
the point: coe ...,X9 corresponds to the largest subgroup of the group: Z f,...,Z,f 
which leaves at rest a certain point: ce ceaye i 


From Proposition 3, p. it is clear that this condition for the similarity of the 
two groups is necessary; hence we need only to prove that it is also sufficient. 

So, we imagine that the assumptions of the theorem are satisfied, namely we 
imagine that in the group: Z)f,...,Z,f, independent infinitesimal transforma- 
tions: Y f,...,¥Y,f are chosen so that our two groups are related to each other in the 
holoedrically isomorphic way described in Theorem 76, when to every infinitesimal 
transformation: e; X; f +---+e,X;,f is associated the infinitesimal transformation: 
eV fit---+e,¥,f. 

According to the developments of the preceding paragraph, by means of the con- 
cerned holoedrically isomorphic relationship, a univalent invertible relationship be- 
tween the finite transformations of the two groups is also produced. We can de- 


+ Cf. LIB, Math. Ann. Vol. XXV, p. 137. 
+ Cf. LIE, Archiv for Math. og Naturv. Christiania 1885, p. 388 and p. 389. 
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scribe the latter relationship simply by interpreting, in the known way, )° e, X;f and 
Y ex ¥f as symbols of the finite transformations of our groups and in addition, by 
denoting for convenience the finite transformation )/ e, X;f shortly by: 7(.), and as 
well, the transformation: )’ e; ¥,f shortly by: Z(¢). 

Indeed, under these assumptions, the holoedrically isomorphic relationship be- 
tween our two groups associates the transformation {,) to the transformation 7(.), 
and conversely, and this association is constituted in such a way that the two trans- 


formations: T(,) T(-7, and Xe) Ler) are related to each other, where e1,...,e, and 
e,..-,e, denote completely arbitrary systems of values. 
The point: ae ...,x2 remains invariant by exactly r—n independent infinitesi- 


mal transformations of the group X,/f,...,X;.f, and consequently, it admits exactly 
oo’ " different finite transformations of this group, transformations which form, as 
is known, an (7 —n)-term subgroup. For the most general transformation 7(.) which 
leaves at rest the point: oe ...,x9, we want to introduce the symbol: S (a, 
shortly: S(q); here, by a1,...,@;—n we understand arbitrary parameters. 

We denote by Gia, _.a,_,,)> OF shortly by G,,), the transformations £(,) of the 
group: Z| f,...,Z,f which are associated to the transformations S(,) of the group: 
Xi f,...,X;,f; under the assumptions made, the oo’ ” transformations GS (a) then form 
the largest subgroup contained in the group: Z) f,...,Z,;,f which leaves invariant the 
point: yf, ..., 9. This is the reason why the point: nae ...,y9 belongs to no manifold 
which remains invariant by the group: Z)f,...,Z,f. 


)> or 


peep Ar—n 


After these preparations, we conduct the following reflections. 

By execution of the transformation 7(,) the point a is transferred to the point: 
(x?) T(), whose position naturally depends on the values of the parameters ¢1,...,é;. 
According to Chap. [14] Proposition 1, p.[234] this new point in turn admits exactly 
co’ ~” transformations of the group: X;f,...,X,f, namely all transformations of the 
form: 

Fe) 
with the r — n arbitrary parameters: a,...,@;—n. 
On the other hand, the point y? is transferred by the transformation {(,) to the 


1 
S(a) Te) 


point: (y?) {(-) which, naturally, admits exactly co” transformations of the group: 
Z\f,..-,;Z,f, namely all transformations of the form: 


Now, this is visibly the transformations of the group: Z)f,...,Z;f which is as- 
sociated to the transformation: Te S(a) Tie) of the group: Xi f,...,X,f; so, we see 
that, by means of our holoedrically isomorphic relationship, exactly the same holds 
true for the points: (x?) Tie) and (y?) Ze) as for the points: x? and y?; namely, to 
the largest subgroup contained in the group X,f,...,X;f which leaves invariant the 
point: (x?) T(-) there corresponds the largest subgroup of the group: Z) f,...,Z,f by 
which the point: (y?) Te) remains fixed. 
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Now, we give to the parameters ¢),...,e,; in the transformations 7(,) and %(,) 
all possible values, gradually. Then because of the transitivity of the group: 
Xj fussy X-f, the point: () T(.) is transferred gradually to all points of the space 
X1,...,Xn that lie on no invariant manifold, hence to all points in general position. 
At the same time, the point: (y?) {(-) is transferred to all points in general position 
in the space yj,...,¥n- 

With these words, it is proved that the holoedrically isomorphic relationship be- 
tween our two groups possesses the properties put together in Proposition 3, p. 
consequently, according to that proposition, the group: X;/f,...,X;.f is similar to the 
group: Z| f,...,Z,f and the correctness of the Theorem 76, p.[432]is established. 


Besides, for the proof of the Theorem 76, one does absolutely not need to go 
further back to the cited proposition. Rather, it can be directly concluded from the 
developments above that a transformation exists which transfers the infinitesimal 
transformations: X,f,...,X;-f to Y f,...,¥-f, respectively. 

We have seen that through our holoedrically isomorphic relationship, the point: 
(y?) Te) Of the space yj,...,Yn is associated to the point: (xP) Te) of the space 
X1,.-.,;X,, and to be precise, in this way, a univalent invertible relationship is 
produced between the points of the two spaces in general position, inside a certain 
region. Now, if we interpret the x; and the y; as point coordinates of one and the 
same n-times extended space: R,, and both with respect to the same system of 
coordinates, then there is a completely determined transformation T of the space 
Ry, which always transfers the points with the coordinates: ef) T¢) to the point with 
the coordinates: (y?) Z¢e)- We will prove that this transformation T transfers the 
infinitesimal transformations: X,f,...,X,f to: Y f,...,¥,f, respectively, so that our 
two r-term groups are similar to each other precisely thanks to the transformation 
t 

The transformation T satisfies all the infinitely many symbolic equations: 

(14) (x?) Tey T= (9?) Tey, 
with the r arbitrary parameters e/,...,e/., and it is even defined by these equations. 
From this, it results that T satisfies at the same time the symbolic equations: 


(x?) Tre) Tre T = 7) Se) Zee); 


whichever values the parameters e and e’ may have. 
If we compare these equations with the equations (14) which we can obviously 
also write as: 
Gia Sai: 
then we obtain: 
(VP) Sey T Tey T = (YP) Sey Ley, 


or, what is the same: 
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0\ =i —1_ 7,0 
(15) (Vi) Ley T Mey TX.) = O73) Ler: 

By appropriate choice of e},...,¢}, the point: (y®) Ter) can be brought in coin- 
cidence with every point in general position in the R,,, hence the equations (15) 
express that every transformation: 

=1 =f 
(16) T Te TZ) 
leaves fixed all points in general position in the R,,. But obviously, this is possible 
only when all transformations (16) coincide with the identity transformation. 

With these words, it is proved that the following co” symbolic equations hold: 


—l 
(17) Tile, 


hence that the transformation T transfers every transformation 7(,) of the group: 
Xi f,...,X,f to the corresponding transformation {(,) of the group: Z)f,...,Z,f. 
In other words, the expression: e; X; f' +--:+e,-X;f converts into the expression: 
e1Y¥,f+---+e,Y,f after the execution of the transformation T, or, what is the same, 
the r infinitesimal transformations: X,/f,...,X;)f are transferred, by the execution of 
T, toYf,...,¥,-f, respectively. 

Consequently, the two groups: X,f,...,X,f and Z, f,...,Z,f are similar to each 
other and the Theorem 76, p.[432]is at present proved, independently of the Propo- 
sition 3, p. 


105. 
In § 100, we saw that the same equations defined there: a, = @(a,b) represented a 
group, and in fact, we realized that between the r functions (a,b), the r identities: 
(5) x (Pi (a,b), ..-, (a,b), Cth seals) = Pk (15+ --5Ar5 91 (b,c), ..-,Qr(b,c)) 
held true. 

Now, one convinces oneself in the same way that the equations: 
(18) Gy = OA Dig sang Pry @incess@y) (kK=1-+r) 


in the variables a also represent a group with the parameters b and to be precise, a 
simply transitive r-term group. 

At present, a few remarks about this new group. 

This group possesses the remarkable property that each one of its transformations 
is interchangeable with every transformation of the parameter group: a, = (a,b). 
Indeed, if one executes at first the transformation (18) and then any transformation: 


I / / 
GA ONO tO ep engly) (k=1-+r) 


of the parameter group: a, = 9 (a,b), then one obtains the transformation: 
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a= x (1 (b,a), «224 O,(D,a), Coe (k=1-+r) 
which, because of the identities (5), can be brought to the form: 
ay = x (bi, ---,br, P1(a,), ---, Pr(a,c)) (k=1-"r). 
But this transformation can be obtained by executing at first the transformation: 
Gy = Bis 005 Ops Cl gnc } 
of the parameter group and then the transformation: 
ay = @;(b1,...;Dp, @5-++;0,) 


of the group (18). 

Thus, the group (18) is nothing else than the reciprocal simply transitive group 
associated to the parameter erourttl according to Theorem 68, p. it is equally 
composed with the parameter group, and even similar to it; besides, it is naturally 
also equally composed with the group: x; = f;(x, a) itself. 


+ The observation that the two groups (6) and (18) discussed in the text stand in a relationship such that the transfor- 
mations of the one are interchangeable with the transformations of the other, is due to ENGEL. 


Chapter 22 
The Determination of All r-term Groups 


Already in Chap. p. we have emphasized that every system of constants 
Ciks Which satisfies the relations: 


Ciks + Ckis = 0 
m 
(1) y (Cikv Cvjs + Ckjv Cvis + Cjiv Cvks) = 0 
v=1 
(i,k, j,s=1--r). 


represents a possible composition of r-term group and that there always are r-term 
groups whose composition is determined just by this system of cj;z;. AS we remarked 
at that time, the proof for this will be first provided in full generality in the sec- 
ond volume; there, we will imagine that an arbitrary system of cj; having the said 
constitution is presented and we will prove that in order to find the infinitesimal 
transformations of an r-term group having the composition cjz;, only the integration 
of simultaneous systems of ordinary differential equations is required in any case. 
The finite equations of this group can likewise be obtained by integrating ordinary 
differential equations, according to Chaps. [4]and [9] 

Now in the present chapter, we show two kinds of things: 

Firstly, we imagine that the finite equations: 


eT Ries Gigs) (i=1--n) 


of an r-term group are presented and we show that by integrating simultaneous 
systems of ordinary differential equations, one can in every case find all r-term 
transitive groups which are equally composed with the group: x, = fi(x,a). 

Secondly, we show that one can determine all intransitive r-term groups without 
integration as soon as one knows all transitive groups with r or less parameters. 

If we combine these results with what was said above and if we yet add that 
according to Theorem 53, p. the determination of all possible compositions of 
groups with given number of parameters requires only algebraic operations, then 
we immediately realize what follows: 
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If the number r is given, then, aside from executable operations, the determination 
of all r-term groups requires at most the integration of simultaneous systems of 
ordinary differential equations. 


Naturally, the question whether the integration of the appearing differential equa- 
tions is executable or not is of great importance. However, we can enter this ques- 
tion neither in this chapter, nor in the concerned place of the second volume, since 
the answer to this question presupposes the theory of integration which cannot be 
developed wholly in a work about transformation groups, and which would rather 
demand a separate treatment. 


106. 


In this paragraph, we put together various method for the determination of simply 
transitive groups, partly because these method will find applications in the sequel, 
partly because they are noticeable in themselves. 

At first, let the equations: 


(2) 0 Mi pus Oita ney) (i=1---n) 


of an r-term group be presented. We seek the finite equations of a simply transitive 
group which is equally composed with the presented group. 

According to Chap. p. the parameter group of the group (2) is simply 
transitive and is equally composed with the group (2). Now, the finite equations: 


= Gy Giga, Di, niey De) (k=1--r) 


of this group can be found by means of executable operations, namely by resolving 
finite equations. Thus, we can set up the finite equations of one simply transitive 
group having the constitution demanded, namely just the said parameter group. 

We therefore have the: 


Theorem 77. /f the finite equations of an r-term group are presented, then one can 
find the equations of an equally composed simply transitive group by means of exe- 
cutable operations. 


Obviously, together with this one simply transitive group, all other simply transi- 
tive groups which are equally composed with the group: x; = fi(x,a) are also given, 
for as a consequence of Theorem 64, p. all these groups are similar to each 
other. 

On the other hand, we assume that not the finite equations, but instead only the 
infinitesimal transformations: 


of an r-term group are presented, and we seek to determine the infinitesimal trans- 
formations of an equally composed simply transitive group. 
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Visibly, we have already solved this problem in Chap. [9] p.[167]and [168] though 
it was interpreted differently there, because at that time, we did not have yet the 
concepts of simply transitive group and of being equally composed [GLEICHZUSAM- 
MENGESETZTSEINS]. At present, we can state as follows our previous solution to the 
problem: 


Proposition 1. /f the infinitesimal transformations: 


_ n of 
Xiah = Ye biel. --%0) Z tes 


of an r-term group are presented, then one finds the infinitesimal transformations of 
an equally composed simply transitive group in the following way: One sets: 


G 2] 
xl) = Ye ils x) a (k=17) 


1 


(H=1,2-r-1), 


one forms the r infinitesimal transformations: 


Wef =X f +x pee. 4x0 g (k=1-+7) 


and one determines rn —r arbitrary independent solutions: u,,...,Unr—r Of the r- 
term complete system: 

Wii HU, 2 We HO; 
then one introduces uy, ...,Unr—r together with r appropriate functions: y,,...,y; of 


the nr variables xt ) as new independent variables and in this way, one obtains the 
infinitesimal transformations: 


r Of 
Wf = y ej (V1, -- srs U1, -- + Unr—r) Dy, (k=1--7r), 
j=l yj 
and if in addition one understands numerical constants by ud, ...,Uo_, then the r 
independent infinitesimal transformations: 
r of 
0 0 
Wif = 3 Neg Vin<-25¥r, re, a (k=1---r) 
j=l d 


generate a simply transitive group equally composed with the group: X\f,...,Xrf. 
If: Xf ,...,X,f are linked together by the relations: 


: 
Xi, Xi] = Vo cits Xsf, 
s=1 


then the same relations hold between Y5, f ,... ,25,f: 
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[2G;, Wi] = : Ciks Wf. 


The process which is described in the above proposition requires the integration 
of ordinary differential equations, and naturally, this integration is not always exe- 
cutable. Theoretically, this is completely indifferent, since in the present chapter, we 
do not manage without integration. Nevertheless, in the developments of the next 
paragraph where the question is to really set up simply transitive groups, we will 
nowhere make use of the described process, and we will apply it only in one place, 
where it holds, in order to prove the existence of one simply transitive group with 
certain properties. 

Lastly, we still want to take up the standpoint where we imagine only that a 
composition of an r-term group is given, hence a system of cjx; which satisfies the 
equations (1). We will show that it is at least in very many cases possible, by means 
of executable operations, to set up the finite equations of a simply transitive group 
of the composition Cjz;. 

For this, we use the Theorem 52, p. According to it, the r infinitesimal 
transformations: 


Leer af 
Ey, f= Cink ej =— k=l-er 
uf d ink ei Ze ( ) 


stand pairwise in the relationships: 


Pea E| = : Ciks Ef, 


hence they generate a linear homogeneous group in the variables: e),...,e,. This 
group 1s in particular r-term when not all r x r determinants vanish whose horizontal 
rows possess the form: 


lejnk Cj2k *** Core (j,k=1--7r) 


and it has then evidently the composition Cis. 

Now, the finite equations of the group: E) f,...,£;f can be set up by means of 
executable operations (cf. p.[282); hence when these r x r determinants are not all 
equal to zero, we can indicate the finite equations of an r-term group having the 
composition cjx;. But from this, it immediately follows (Theorem 77, p. that 
we can also indicate the finite equations of a simply transitive group having the 
composition Cigs. 

With these words, we have gained the proposition standing next: 


Proposition 2. /f a system of constants Cjxs is presented which satisfies the equa- 
tions: 
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Ciks + Ckis = 0 
; 
(1) » (cre Cy js + Ckjv Cvis + Cjiv Cys) =0 
v=1 
(i,k, j, s=1--r) 


and which is constituted in such a way that not all r x r determinants vanish whose 
horizontal rows have the form: 


Ic jr Cj2k 77° C jrk| (j,.k=1--r), 


then by means of executable operations, one can always find the finite equations of 
a simply transitive group having the composition Cixs. 


Besides, the same can also be proved in a completely analogous way for other 
systems of c;z,, but we do not want to go further in that direction. Only a few more 
observations. 

If r infinitesimal transformations: X,f,...,X; are presented which generate an 
r-term group, then the system of cjz; which is associated to the group in question 
is given at the same time. Now, if this system of cjg; is constituted in such a way 
that not all determinants considered in Proposition 2 vanish, then visibly, the group: 
X,f,...,X,;f contains no excellent infinitesimal transformation (cf. p. 284), hence 
we realize that the following holds: 

If r independent infinitesimal transformations: X\f,...,X;f are presented which 
generate an r-term group, then when this group contains no excellent infinitesimal 
transformation, one can set up in every case, by means of executable operations, 
the finite equations of a simply transitive group which is equally composed with the 
BIOUD? XAT 5s. 05Xpf- 


107. 


At present, we tackle the first one of the two problems the solution of which we 
have promised in the introduction of the chapter. 


So, we imagine that the finite equations: 


(2) ST Mi etieng ay Ol yacus ly) (i=1---n) 


of an r-term group are presented and we take up the problem of determining all 
transitive r-term groups which are equally composed with the presented group. 


When an r-term group I" of any arbitrary space is transitive and has the same 
composition as the group: x, = f;(x,a), the same two properties evidently hold true 
for all groups of the same space that are similar to I”. Hence, we classify the sought 
groups in classes by reckoning as belonging to one and the same class all groups of 
the demanded constitution which contain an equal number of parameter and which 
in addition are similar to each other. We call the totality of all groups which belong 
to such a class a type of transitive group of given composition. 
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This classification of the sought groups has the advantage that it is not necessary 
for us to really write down all the sought groups. Indeed, if one group of the consti- 
tution demanded is known, then at the same time, all groups similar to it are known, 
hence all groups which belong to the same type. Consequently, it suffices com- 
pletely that we enumerate how many different types there are of the sought groups 
and that we indicate for every individual type a representative, hence a group which 
belongs to the concerned type. 

In order to settle our problem, we take the following route: 


At first, we indicate a process which provides the transitive groups equally com- 
posed with the group: x’. = fi(x,a). Afterwards, we conduct the proof that, by means 
of this process, one can obtain every group having the concerned constitution, so 
that notably, one finds at least one representative for every type of such groups. 
Lastly, we give criteria to decide whether two different groups obtained by our pro- 
cess are similar to each other, or not, hence to decide whether they belong to the 
same type, or not. Thanks to this, we then become in a position to have a view of the 
existing mutually distinct types and at the same time, for each one of these types, to 
have a representative. 


This is the program that will be carried out in the sequel. 


Let: . 7 
Ye = YL Mej(V1s-+-s9r) 5 (k=1--r) 
j=l yj 
be independent infinitesimal transformations of a simply transitive group which is 


equally composed with the group: x; = f;(x,a). Moreover, let: 


) 
Zi f = ps Git 5 (k=l 7) 
j=1 


J J 


be independent infinitesimal transformations of the associated reciprocal group 
which, according to Theorem 68, p.[387] is simply transitive as well, and is equally 
composed with the group: x; = fi(x,a). 

Evidently, all these assumptions can be satisfied. For instance, two simply transi- 
tive groups having the constitution indicated are the parameter group of the group: 
x! = f;(x,a) defined in the previous chapter: 


Oy, = Of Gij2115 yy Dijace, Py) (kK=1--r) 
and its reciprocal group: 
hy =O Diss ny Dey Gig.casGp) (kK=1---r) 


and the finite equations of both may even be set up by means of executable opera- 
tions. 
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After these preparations, we turn to the explanation of the process announced 
above which produces transitive groups that are equally composed with the group: 
X= filtea), 

In Chap. [17] p. we showed how every decomposition of the space invariant 
by a group can be used in order to set up an isomorphic group. We want to apply 
this to the group: Vj f,....,¥,f. 

On the basis of Theorem 69, p. we seek an arbitrary decomposition of the 
space y,,...,y, invariant by the group Y, f,...,¥,.f. By means of algebraic opera- 
tions, we determine and m-term subgroup of the group: Z| f,...,Z,f. If: 


(3) Zuf =€y, Af +--+ €p,Zf (u=1---m) 


are independent infinitesimal transformations of this subgroup, we form the m-term 
complete system: 
Lif =O, 2.04 Laf =O 


and we compute, by integrating it, y— m arbitrary invariants: 


iti (Vigennd Vr) or) Wp Vining Ve) 


of the group: Z,f,...,Zmf. Then the equations: 


(4) Vis cng Vp) SCONE... uve g Mpa Vige nny) SCOmst 


determine a decomposition of the space y,,...,y, in co” ” m-times extended mani- 
folds invariant by the group: Y, f,...,Y,-f. 

Now, we introduce u;(y),...,U;—m(y) together with m other appropriate func- 
tions: V1,..., Vm Of the y as new variables in Y; f,...,¥,f and we obtain: 


r—m of m Of 
ad = se gy (U1, axe iia) Diy a oy Wi (U1, +++,Up—m), V1;-- «9 Vin) Din. 
v=1 ny p=l1 ve 
(k=1-~7). 
From this, we lastly form the reduced infinitesimal transformations: 


r—m 0 
Uf=¥ Oey (yt) ee 
v=1 uy 


According to Chap.[17] Proposition 4, p.[314] they generate a group in the variables: 
Uy ,--+,;Ur—m Which is isomorphic with the group: Y, f,..., Y,-f. 

If we had chosen, instead of uj (y),...,4;—m(y), any other independent invari- 
ants: u/(y),...,U;(y) of the group: Z;f,...,Zmf, then in place of the group: 
Ui f,...,U,f, we would have obtained another group in the variables u/,..., um 
but this group would visibly be similar to the group: Uj; f,...,U,f, because 
ui (y),---,Um(y) are independent functions of: u)(y),...,Up—m(y). If we would 


replace u1(y),...,U;—m(y) by the most general system of r — m independent invari- 
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ants of the group: Z)f,...,Zm,f, then we would obtain the most general group in 
r —m variables which is similar to the group: Uj; f,...,U;-f. 

From the fact that the group: Y| f,...,Y; is simply transitive, it follows, as we 
have observed already in Chap.[20] p.B95) that not all (r—m) x (r—m) determinants 
of the matrix: 

11 (U) >» M1, -—m(u) 


1 (u) “ot Oy. -—m(U) 


vanish identically; expressed differently: it results that the group: Uj) f,...,U;—mf 
in the r — m variables u is transitive. 


We therefore have a method for setting up transitive groups which are isomor- 
phic with the group: Y\ f,...,¥,;f. However, this does not suffices, for we demand 
transitive groups that are equally composed with the group: Y; f,...,¥,-f, hence are 
holoedrically isomorphic to it. Thus, the group: U;f,...,U;f is useful for us only 
when it is r-term. Under which conditions is it so? 

Since the group: U,f,...,U,f is transitive, it contains at least r —m essential 
parameters, hence it will in general contain exactly r —/ essential parameters, where 
0 <1 <™m. Then according to p. in the group: Y| f,...,Y,f, there are exactly / 
independent infinitesimal transformations which leave individually fixed each one 
of the oo’ manifolds (4), and these infinitesimal transformations generate an /- 
term invariant subgroup of the group: Y, f,...,Y,.f. For reasons of brevity, we want 
to denote the concerned subgroup by g. 

If M is an arbitrary manifold amongst the generally located manifolds (4), then 
M admits exactly m independent infinitesimal transformations: e; Y; f +---+e,Y,f 
which generate an m-term subgroup ¥ of the group: Y, f,...,¥;f (cf. pageB95). Nat- 
urally, the invariant subgroup g is contained in this group y. On the other hand, M 
admits exactly m independent infinitesimal transformations of the reciprocal group: 
Zif,..-,Z,f, namely: Z,f,...,Zmf, which also generate an m-term group. There- 
fore, according to Chap. [20] p.B97] one can relate the two simply transitive groups: 
Y| f,...,¥-f and Z, f,...,Z,f to each other in a holoedrically isomorphic way so that 
the subgroup y corresponds to the subgroup: Z;f,...,Zmf. On the occasion, to the 
invariant subgroup g, there visibly corresponds an /-term invariant subgroup g’ of 
the group: Z| f,...,Z,f, and in fact, g’ is contained in the subgroup: Z,f,...,Zm/f. 

We therefore see: when the group: U; f,...,U,f is exactly (r —/)-term, then the 
group: Z;f,...,Zmf contains an /-term subgroup g’ which is invariant in the group: 
van eee An 


Conversely: when the group: Z;f,...,Zm,f contains an /-term subgroup: 
Zi f =hyr Zif +---+hamZmf (A=1--1) 


which is invariant in the group: Z)f,...,Z;f, then the group: U;f,...,U;f can at 
most be (r—/)-term. 
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Indeed, under the assumptions just made, the / mutually independent equations: 
(5) if =O; sy ZF HO 
form an /-term complete system with r —/ independent solutions: 
Wi Viper Vr) gong Wet Vijee Ve) 
Furthermore, there are relations of the form: 


[Zi Z4] = hear Zi f +--- + har Zif 
(Gai Kats) 


which express that the complete system (5) admits the group: Z)f,...,Z,-f. Conse- 
quently, the equations: 


(6) Wi (Viscnce¥r) S CONS, 22.5. We 5.42597) = Const. 


represent a decomposition of the space y;,..., y, invariant by the group Z| f,...,Z,-f, 
and to be precise, a decomposition in co’—! J-times extended manifolds. 


These oo’! manifolds stand in a very simple relationship with respect to the oo” 
manifolds: 
(4) i (Vijseay Vp | = CONS, 220g Mpc Viy.-7¥-) = CONSE, 


namely each one of the manifolds (4) consists of oo”! different manifolds (6). 
This follows without effort from the fact that u;(y),...,-—m(y), as solutions of the 
complete system: 

Zi f =0, -<s5 Zaft =, 


satisfy simultaneously the complete system (5), and can therefore be represented as 
functions of: yi (y),...,W_7(y). 

Now, according to Chap. [20} p. the reciprocal group: Y, f,...,Y,.f contains 
exactly / independent infinitesimal transformations which leave individually fixed 
each one of the co’! manifolds (6), hence it obviously contains at least / indepen- 
dent infinitesimal transformations which leave individually fixed each one of the 
oo’ manifolds (4); but from this, it immediately follows that, under the assump- 
tion made, the group: U; f,...,U,f can be at most (r—/)-term, as we claimed above. 


Thanks to the preceding developments, it is proved that the group: U,f,...,U-f 
is (r—1)-term if and only if the group: Z;f,...,Zmf contains an /-term subgroup 
invariant in the group: Z| f,...,Z,f, but no larger subgroup of the same nature. In 
particular, the group: U; f,...,U,f is r-term if and only if the group: Z,f,...,Znf 
contains, aside from the identity transformation, no subgroup invariant in the group 
Z\f,...,Z-f. Here, the word ‘subgroup’ is to be understood in its widest sense, 
so that one then also has to consider the group: Z;f,...,Z,,f itself as a subgroup 
contained in it. 
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By summarizing the gained result, we can at present say: 


Theorem 78. /f the two r-term groups: 


- F) 
¥f=¥ maj(s---s9e) Se i 
j=l Vj 
and: ; : 
Zf= bail ---s9e) SE (k=1--r) 
j=l Yj 


are simply transitive and reciprocal to each other, if, moreover: 
Zuf =&y Zif +--+ €urZf (u=1--m) 
is an m-term subgroup of the group: Z| f,...,Z;f, and if: 
Wi Visse~5¥r)s par rg ite gal Vistar) 


are independent invariants of this subgroup, then the r infinitesimal transforma- 
tions: 


r—-m of as of = 
Xu Yj, Uy Oly = pr Oey (U1y---.Ur—m) 5 = Uf 


(k=1--7) 


in the r—m variables: u,,...,Uy—m generate a transitive group, isomorphic with 
the group: Y\f,...,Y,f. This group is (r—1)-term when there is in the group: 
Zi f,.--;Zmf an l-term subgroup, but no larger subgroup, which is invariant in 
the group: Z| f,...,Z;f. In particular, it is r-term and equally composed with the 
group: Y, f,...,¥,f if and only if the group: Z,f,...,Zmf neither is invariant itself 
in the group: Z\f,...,Z,-f, nor contains, aside from the identity transformation, 
another subgroup invariant in the group: Z,f,...,Z,-f. 

If one replaces uy(y),...,Ur—m(y) by the most general system: u',(y),-.-,U)-—m(y) 
of r—m independent invariants of the group: Z\f,...,Zmf, then in place of the 
group: U,f,...,U,f, one obtains the most general group in r —m variables similar 
to it. In particular, if the group: U, f,...,U,f is r-term, then one obtains in this way 
the most general transitive group equally composed with the group: Y,f,...,Y,f 
that belongs to the same type as the group: U,f,...,U,f. 


In addition, from the developments used for the proof of this theorem, it yet 
results the following 


Proposition 3. /f Y, f,...,Y,f and Z| f,...,Z,f are two reciprocal simply transitive 
groups and if: Z,f,...,Z,f is an invariant l-term subgroup of the second group, 
then the invariants of this l-term group can also be defined as the invariants of 
a certain l-term group which is contained as an invariant subgroup in the r-term 


group: Y\ f,...,Y-f. 
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Thanks to the Theorem 78, the first part of the program stated on p. [442]is set- 
tled, and we are in possession of a process which provides transitive groups equally 
composed with the group: x; = f;(x,a). We now come to the second part, namely to 
the proof that every group of this sort can be found thanks to our process. 

In r —™m variables, let an arbitrary transitive group be presented which is equally 
composed with the group: x; = f;(x,a); let its infinitesimal transformations be: 


r—m A 
ait = y tiv (21; tee Span) ct 
v=1 kv 


(kK=1---r) 

At first, we prove that amongst the simply transitive groups of the same compo- 
sition, there is in any case one which can be obtained from the group: X1f,..., Xf 
in a way completely analogous to the way in which the group: U;f,...,U;f was 
obtained from the simply transitive group: Y, f,...,Y,-f. 

To this end, under the guidance of Proposition 1, p.[439] we form, in the r(r —m) 
variables: z, (1), sixties Zr) the r infinitesimal transformations: 


Wef =e f +x pte FEOF eit, 


Now, if @1,..., @r are (r—m)r—r = R independent solutions of the r-term complete 
system: 


(7) Wif =0, .... Wf =9, 


then we introduce them, together with z,...,Z,;—m and yet together with m functions 
Z1,-++52m Of the z, Zt) re gl), as new variables. This is possible, since the 
equations (7) are solvable with respect to 0f/0z,, ..., Of /0Z;—m because of the 
transitivity of the group: X1f,...,%,f, whence z1,...,Z-—m are independent of the 


functions: Q,...,@r. In the new variables, W, f,...,W,f receive the form: 


m 0 
Wief =Xef + y Wi (215 «++ Zr—ms Z15-++52m; P15 8) 
u=1 <u 


(k=1---r), 
and here, when we confer to the @ suitable fixed values g? wae pe and when we set: 


= =. 2 0 0 2 7 
Wel Gigaseey Spank Zh goeesceny OP) ey On) = We ys ag ae he Ge) 
then: 


Of 


m 
0 = = 
Wf = Xf + se Wie (21, - ++ Sr—ms Sly +e Zia) aa 
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are independent infinitesimal transformations of a simply transitive group which is 
equally composed with the group: X,/f,...,X,f and therefore, also equally com- 
posed with the group: x; = fi(x,a). 

With this, we have found a simply transitive group having the constitution indi- 
cated earlier on. 

Indeed, the equations: 


A ]const.. .:.4 Zo = Const, 


obviously determine a decomposition of the space: Z,,...,Z;—-m; Z1,-.-;Zn In 
oo” ’" m-times extended manifolds invariant by the group: 20, f,...,20,f. The 
group: X1f,...,%,-f indicates in which way these «’ ” manifolds are permuted 
by the group: 20) f,...,20,f. So, between the two groups: X,f,...,X,f and 
Wsf,...,W,f, there is a relationship completely analogous to the one above 
between the two groups: U;f,...,U-f and Y, f,...,Y,-f. 

At present, there is no difficulty to prove that the group: X,f,...,%,f is similar 
to one of the groups that we obtain when we apply the process described in Theo- 
rem 78, p.[446]to two determined simply transitive reciprocal groups: Y, f,...,¥,f 
and Z, f,...,Z,f having the concerned composition. 

Let: By f,...,B,f be the simply transitive group reciprocal to: I) f,...,IW/-f. 
Naturally, this group is equally composed with the group: Z,f,...,Z,-f and hence, 
also similar to it (cf. Chap.[19] Theorem 64, p.B49). 

We want to assume that the transformation: 


(8) a =F Vises): sey Sa = Se Vicia) 


Z1 = Z1(Vis-++sr)y «++ Zm = Zm(V1s +++ sr) 
transfers the group: Z,f,...,Z,f to the group: B,/,...,B,f. Then according to 
Chap. p. through the same transformation, the group: Y|/f,...,Y;f is 


transferred at the same time to the group: 29) f,...,20,.f, hence by virtue of (8), 
there are relations of the form: 


Wef = ¥ bx Qf (k=1--7), 
j= 


where the determinant of the constants };; does not vanish. But from these relations, 
the following relations immediately follow: 


r—-m 


0 r 
(9) .; Mery 2 =) be Xif (k=1--7), 
v=1 zy j=l 


and likewise, they hold identically by virtue of (8). 
This is the reason why the equations: 


21 Viscose) = CONSE aces: ppl Vigweng Ve) SCOmst: 


§ 107. 449 


represent a decomposition of the space y;,...,y, invariant by the group: Y, f,..., ¥,-f, 
or, what amount to the same, the reason why zi(y),...,Z-—-m(y) are independent 
invariants of a completely determined m-term subgroup g of the group Z| f,...,Z,f. 
Consequently, we obtain the group: X,f,...,X,f thanks to the process described in 
Theorem 78, p.[446]when we arrange ourselves as follows: As group: Z,f,...,Zm/; 
we choose the m-term subgroup g of the group: Z, f,...,Z,f just defined, and as 
functions: u1(y),...,U;—m(y), we choose the just said invariants: z;(y),...,Z-—m(y) 
of the group g. Indeed, under these assumptions, the relations (9) hold true, in 
which the right-hand side expressions are independent infinitesimal transformations 
of the SrOUp! X41 fj.ccyret: 

As a result, it is proved that, thanks to the process which is described in The- 
orem 78, p. one can find every transitive group isomorphic with the group: 
x = fi(x,a). We can therefore enunciate the following theorem: 


Theorem 79. /f the finite equations: 
a) eeenee one eee (i=1-+-n) 


of an r-term group are presented, then one finds in the following way all transitive 
groups that are equally composed with this group: 

To begin with, one determines, which requires only executable operations, two 
r-term simply transitive groups: 


' F) 
Kef= ys mej(dis---s9") SE (k=1---r) 
j=l Vj 
and: ; ; 
Zit = >: bests.) ge (1:09) 
j=l yj 


that are reciprocal to each other and are equally composed with the group pre- 
sented. Afterwards, by means of algebraic operations, one sets up all subgroups of 
the group: Z\f,...,Z,;f which neither are invariant in this group, nor contain, aside 
from the identity transformation, a subgroup invariant in the group: Z,f,...,Z,f. 
Under the guidance of Theorem 78, each one of the found subgroups produces all 
transitive groups equally composed with the group: x, = f;(x,a) that belong to a 
certain type. If one determines these groups for each one of the found subgroups, 
then one obtains all transitive groups that are equally composed with the group: 


x, = fi(x,a)ll 


The second part of our program is now carried out, and we are in the position to 
identify all types of transitive groups equally composed with the group: x) = fi(x,a). 
Every subgroup of the group: Z; f,...,Z,f which has the property mentioned in 


+ LIE, Archiv for Math., Vol. 10, Christiania 1885, and Verh. der Gesellsch. d. W. zu Chr. a. 1884; Berichte der Kgl. 
Sachs. G. d. W., 1888. 
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the Theorem 79 provides us with such a type. It yet remains to decide when two 
different subgroups of the group: Z f,...,Z,f produce different types, and when 
they produce the same type. 

Let the m independent infinitesimal transformations: 


Zuf =) turZef (u=1---m) 
k=l 


generate an m-term group which neither is invariant in the group: Z, f,...,Z,f, nor 
contains, aside from the identity transformation, another subgroup invariant in the 
PIMP! Ai fuente 4]: 

Let the functions: 


1 (y1,---,¥r) tee sal Viguciale) 


be independent invariants of the group: Z,f,...,Zf. Under these assumptions, 
according to Theorem 79, the group: 


r—-m r—-m Of 
Uf = L Yeuy SE = py (U1, .--,Ur—m) =— (k=1--r) 
Ouy 
in the r—m variables: u;,...,U;—m has the same composition as the group: x; = 


fi(x,a), and is in addition transitive, hence it is a representative of the type of groups 
which corresponds to the subgroup: Z,f,...,Zmf. 

If another subgroup of the group: Z)f,...,Z,f is supposed to provide the same 
type of group, then this subgroup must evidently be m-term, for it is only in this case 
that it can provide transitive groups in r—m variables that are equally composed 
with the group: x; = fj(x,a). 

So, we assume that: 


3uf = ¥ Cu Za f (u=1---m) 
k=1 


is another m-term subgroup of the group: Z)f,...,Z,f, and that this subgroup too 
neither is invariant in the group: Z, f,...,Z,, nor contains, aside from the identity 
transformation, another subgroup invariant in the group: Z) f,...,Z,f. Let indepen- 
dent invariants of the group: 31 f,...,3mf be: 


Uy Viga225¥e) 5 seg: Uysal Vie cas Vi) 


Under these assumptions, the group: 


2] 
Lf = y ae a =5 Oxy( Uys... Up i) of (k=1--r) 
Vv 
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in the r—m variables: u,,...,U,—m iS transitive and has the same composition as the 
group: x; = fi(x,a). 

The question whether the two subgroups: Z;f,...,Zmf and 31f,.-.,3mf of the 
group: Z| f,...,Z;f provide the same type of group, or not, can now obviously 
be expressed also as follows: Are the two groups: U,f,...,U,f and: U,f,...,L6-f 
similar to each other, or not? 

The two groups about which it is at present question are transitive; the question 
whether they are similar, or not similar, can be decided on the basis of Theorem 76, 
p. 432) 

From this theorem, we see that the groups: U; f,...,U;f and: U,f,...,£6-f are 
similar to each other if and only if it is possible to relate them to each other in a 
holoedrically isomorphic way so that the following condition is satisfied: The most 
general subgroup of the group: U; f,...,U;f which leaves invariant an arbitrarily 


chosen, but determined, system of values: u, = ud, vention: = aan in general 
position must correspond to the most general subgroup of the group: Lt, f,...,L6-f 
which leaves invariant a certain system of values: uj = ud, seig, Ia = egy 1 


general position. 

Now, the groups: U,f,...,U,f and: U f,...,4-f are, because of their derivation, 
both related to the group: Y; f,...,¥-f in a holoedrically isomorphic way, hence we 
can express the necessary and sufficient criterion for their similarity also obviously 
as follows: Similarity happens to hold when and only when it is possible to relate 
the group: Y, f,...,Y,f to itself in a holoedrically isomorphic way so that its largest 
subgroup G which fixes the manifold: 


(10) Hi V1y.4<59) =u, vaniy Hpewil Vis oye) =u?_, 


corresponds to its largest subgroup © which fixes the manifold: 


(11) Uy Viger) =u, seey Vpn Visaseg Vp) =u?_. 


The criterion found with these words can be brought to another remarkable form. 
In fact, we consider the group: Z; f,...,Z,f reciprocal to the group: Y\ f,...,Y,-f. 
Init, Z; f,...,Zmf is the largest subgroup which leaves invariant the manifold (10), 
and 31 f,..-,;3mf is the largest subgroup which leaves invariant the manifold (11). 
According to Chap. Proposition 8, p. one can then relate the two groups: 
Y\ f,...,Y-f and: Z| f,...,Z,;f in a holoedrically isomorphic way so that the sub- 
group G corresponds to the subgroup: Z;f,...,Zm,f; but one can also related them 
together in a holoedrically isomorphic way so that the subgroup 6 corresponds to 
the subgroup: 31f,.--,3m/- 

From this, it results that the group: Y,f,...,Y,f can be related to itself in a 
holoedrically isomorphic way as described just above if and only if it is possible to 
relate the group: Z; f,...,Z,f to itself in a holoedrically isomorphic way so that the 
subgroup: Z; f,...,Zmf corresponds to the subgroup: 3; f,...,3m/f. 

We therefore have the: 
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Theorem 80. /f the two r-term groups: 


7] 
Xf = 2 maj(is---s3H) 5 (k=1---r) 
j=l yj 
and: : 3 
Zyf = y bes(vy ode) (k=1---r) 
j=l yj 


are simply transitive and reciprocal to each other, if moreover: 


Zuf =) eurZef (u=1--m) 

k=1 

and: ? 
3uf = Y CukZef (u=1--m) 

k=1 


are two m-term subgroups of the group: Z,f,...,Z,f which both neither are 
invariant in this group, nor contain, aside from the identity transformation, 
another subgroup invariant in this group, and lastly, if: u,(y),...,Ur—m(y) and: 
uj(y),---,Ur—m(y) are independent invariants of these two m-term subgroups, 
respectively, then the two transitive, both equally composed with the group 


Yif,....¥f, groups: 


r—m of r—m of 
= , geet 4r—m) > _ 
du ey (U4 Uu ) Ouy 


Uf = Y,uy —— 
k pare 


and: 


Of 


Of 


r—-m r—m 
LU f = Yu = Opy(y,---,U-—m) =— 
»y Vv Ouy L v( fi i Ouy 
are similar to each other if and only if it is possible to relate the group: Z, f,...,Z,f 
to itself in a holoedrically isomorphic way so that the subgroup: Zf,...,Zmf cor- 
responds to the subgroup: 3\f,...,3mf- 


Thanks to this theorem, the last part of the program stated on p.[442]is now also 
settled. At present, we can decide whether two different subgroups of the group: 
Z,f,..-,Z,f provide, or do not provide, different types of transitive groups equally 
composed with the group: x} = f;(x,a). Clearly, for that, only a research about the 
subgroups of the group Z)f,...,Z,f 1s required, or, what is the same, about the 
subgroups of the group: x; = fi(x,a). 

We recapitulate the necessary operations in a theorem: 


Theorem 81. /f the finite equations, or the infinitesimal transformations of an r- 
term group I are presented, one can determine in the following way how many 
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different types of transitive groups having the same composition as I there are: 
One determines all m-term subgroups of I’, but one excludes those which either are 
invariant in I’ or do contain a subgroup invariant in T° different from the identity 
transformation. One distributes the found m-term subgroups in classes by reckoning 
that two subgroups always belong to the same class when it is possible to relate 
to itself in a holoedrically isomorphic way so that the two subgroups correspond 
to each other. To each class of m-term subgroups obtained in this way there corre- 
sponds a completely determined type of transitive groups in r—m variables equally 
composed with I’; to different classes there correspond different types. If one un- 
dertakes this study for each one of the numbers: m=0,1,2,...,7r—1, then one can 
have a view [WUBERSEHEN] of all existing types. 


We yet observe what follows: The operations required in the Theorem 81] are all 
executable, even when the group I" is not given, and when only its composition is 
given. Also in this case, only executable operations are then necessary. Since the 
number of the subgroups of I” only depends upon arbitrary parameters, the number 
of existing types depends at most upon arbitrary parameters. In particular, there 
is only one single type of simply transitive groups which are equally composed 
with the group I’. But this already results from the developments of the previous 
paragraph. 

By combining the two Theorems 81 and 78, we yet obtain the following: 


Theorem 82. /f the finite equations: 


17 Ciinsatpeiieessdy) (i=1---n) 


of an r-term group are presented, then the determination of all equally composed 
transitive groups requires in all cases, while disregarding executable operations, 
only the integration of simultaneous systems of ordinary differential equations 


If one wants to list all r-term transitive groups in 7 variables, then one determines 
all compositions of r-term groups and one then seeks, for each composition, the 
associated types of transitive groups in n variables. For given r (and n), all these 
types decompose in a bounded number of kinds [GarTuNG] so that the types of a 
kind have the same analytic representation. However, the analytic expressions for 
all types of a kind contain certain parameters the number of which we can always 
imagine to be lowered down to a minimum. That such parameters occur stems from 
two different facts: firstly, from the fact that, to a given r > 2, an unbounded number 
of different compositions is associated; secondly from the fact that in general, a 
given r-term group contains an unbounded number of subgroups which produce 
nothing but different types. We do not consider it to be appropriate here to pursue 
these considerations further. 


108. 
Once again, we move back to the standpoint we took on p. sq. 


+ Cf. LIE, Math. Annalen Vol. XVI, p. 528. 
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We had used two m-term subgroups: Z,f,...,Zmf and: 3,f,...,3mf of the 
group: Z;f,...,Z;f in order to produce transitive groups equally composed with 
the group: Y, f,...,Y,, and we have found the two groups: Uj f,...,U;f and: 
Uy f,...,U-.f. At present, the question arises: under which conditions are these two 
group similar to each other? 

We have answered this question at that time, when we based ourselves on the 
Theorem 76, p. and in this way, we have obtained the Theorem 80, p. At 
present, we want to take up again the question and to attempt to answer it without 
using the Theorem 76. 


Evidently, we are close to presume that the groups: U; f,...,U;,f and: Uy, f,...,L6-f 
are in any case similar to each other when there is a transformation: 


(12) Ve = Qe(V1,--- Yr) (k=1--r) 


which converts the subgroup: Z,f,...,Zmf into the subgroup: 3)f,...,3mf and 
which transfers at the same time the group: Z, f,...,Z,f into itself. We will show 
that this presumption corresponds to the truth. 

Thus, let (12) be a transformation which possesses the indicated properties. 
Through this transformation, the invariants of the group: Z,f,...,Zmf are obvi- 
ously transferred to the invariants of the group: 31/f,...,3mf, hence we have by 
virtue of (12): 


uy (1,5. a Yr) =Xv (u(y), ney Ur—m(¥)) (v=1--r—m), 


where the functions: 71,...,%-—m are absolutely determined and are mutually inde- 
pendent relatively to: u;(y),...,U;—m(y). On the other hand, according to Chap.[20] 
p. through the transformation (12), not only the group: Z, f,...,Z,f is trans- 
ferred into itself, but also its reciprocal group: Y, f,...,¥-f, so we have: 


r A) _ r 
Y mys) SE = Pah =D hag Vis (k=1--r), 
j=l yj j=l 


where the h; j are constants, the determinant of which does not vanish. 
Now, if we set for f, in the equations just written, an arbitrary function F of: 


ui(y),---,;Ur—m(y), or, what is the same, a function of: u;(¥), ..., U-—m(¥), it then 
comes: 
_ rm OF i | deat £43 OF 
Y,F= » Oxy (U1, . ns ;Ur—m) i ae », hk; y Wjy (U1, ae ,Ur—m) ‘en 
v=1 Ouy j=l v=l Ouy 


In other words, the two groups: U;f,...,U;f and: U,f,...,40-f are similar to each 
other: obviously: 


(13) ee A, eee eee (v=1--r—m) 
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is a transformation which transfers the one group to the other. 
As a result, the presumption enunciated above is proved. 


But it can be proved that the converse also holds true: When the two groups: 
Uif,...,U-f and: UU f,...,44-f are similar to each other, then there always is 
a transformation which transfers the subgroup: Z,f,...,Zmjf to the subgroup: 
31f,---;3mf and which transfers at the same time the group: Z,f,...,Z;,f to itself. 

Thus, let the two groups: U;f and: Uf be similar to each other and let: 


(14) Uy = Wy(u1,---,Ur—m) (v=1--r—m) 
be a transformation which transfers the one group to the other, so that we have: 
(15) Uf = x §,;U;f =U;,f (k=1-=r). 

j=l 


Here, by Ox js it is to be understood constants the determinant of which does not 
vanish. If £U) f,...,4L-f are linked together by relations of the form: 


5G) =) Gites, 
s=l 
then naturally, Uj f,...,U/f are linked together by the relations: 
UU = cusUif, 
s=l 


Above, we have seen that every transformation (12) which leaves invariant the 
group: Z, f,...,Z,f and which transfers the subgroup of the Z,, f to the subgroup 
of the 3,,f provides a completely determined transformation (13) which transfers 
the group of the U;f to the group of the Lf. Under the present assumptions, we 
already know a transformation which accomplishes the latter transfer, namely the 
transformation (14). Therefore, we attempt to determine a transformation: 


(16) Ve = On(V1,-+- Yr) (k=1---r) 


which leaves invariant the group: Z)f,...,Z,f, which converts the subgroup: 
Zi f,.--;Zmf into the subgroup: 3; f,...,3mf and lastly, which provides exactly 
the transformation (14). 

It is clear that every transformation (16) of the kind demanded must be constituted 
in such a way that its equations embrace the r—m mutually independent equations: 


(14’) Uy (F1,--+s Fp) = Wy (ui(y), ---5 Ur—m(y)) (v=1--r—m). 


If it satisfies this condition, and in addition, if it yet leaves invariant the group: 
Z\f,..-,;Zrf, then it satisfies all our demands. Indeed, on the first hand, it trans- 
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fers the invariants of the group: Z,f,...,Z,f to the invariants of the group: 
31f,---,3mf, whence it converts the first one of these two groups into the second 
one, and on the other hand, it visibly produces the transformation (14) by virtue of 
which the two groups: U; f,...,U,f and , f,...,£f are similar to each other. 

But now, whether we require of the transformation (16) that it leaves invariant the 
group: Z;f,...,Z,f, or whether we require that it transfers the group: Y, f,...,Y,-f 
into itself, this obviously is completely indifferent. We can therefore interpret our 
problem as follows: 


To seek a transformation (16) which leaves invariant the group: Y, f,...,Y,f and 
which is constituted in such a way that its equations embrace the equations (14). 


For the sake of simplification, we introduce new variables. 

We choose m arbitrary mutually independent functions: v;(y),...,Vm(y) that 
are also independent of: u;(y),...,U;—m(y), and moreover, we choose m arbitrary 
mutually independent functions: v1(¥),...,0.(y) that are also independent of 
uj (¥),..-,Ur—m(¥). We introduce the functions: u1(y),...,Ur—m(y), v1(y),---, Vm) 
as new variables in place of: y,,...,y, and the functions: uj;(¥),...,U-—m(¥), 
01(¥),..-, Om(¥) in place of: y,,...,¥,. 

In the new variables, the sought transformation (16) necessarily receives the form: 
(16”) ie = Wy (Wigases yu) (v=1---r—m) 

Oy = Py (124 ginny pig Viys sg Vin) (u=1---m), 


where it is already taken account of the fact that the present equations must comprise 
the equations (14). 

But what do we have in place of the requirement that the transformation (16) 
should leave invariant the group: Y f,...,¥-f? 

Clearly, in the new variables: 14 ,..:5tpom, Vizss+,¥ms the group: 1 f,.2.,%,f Te- 
ceives the form: 


m 0 
Uf + y Wis (U1, ---,Ur—m; V1,-++)Vm) st =U,f+Vif (k=1--r). 
u=1 Vu 
On the other hand, after the introduction of u1,...,U-—m, 01,..., 0m, the infinitesimal 
transformations: 
_ 7 2 _. of 
Vif = Yo my O1.---s3,) . (kale) 
j=l yj 


are transferred to: 


m ra 
Lyf + by Wk (U1, -++,Up—m, DI,---, Vm) af = Uf + Gif (k=1--r). 
H=1 Ou 
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Consequently, we must require of the transformation (16’) that it transfers the group: 
Mf+vVif,...,U-;f+V,f to the group: f+ Uf, ..., U-f+U-f; we must at- 
tempt to determine the functions: %,...,%, accordingly. 

As the equation (15) show, the r independent infinitesimal transformations: 


© O70 FT) acy ) Ot 
j=l j=l 


are transferred by the transformation: 
(14) Uy = Wy (Wisin 5pm) (v=1--r—m) 
to the transformations: 


MT say Abed 


respectively. Hence, if a transformation of the form (16’) is supposed to convert 
the group of the U,f+V;,f to the group of the £4 f+ U;,f, then through it, the r 
independent infinitesimal transformations: 


Y Sy (UF +Vif), ---. YS by (UF + Vif) 
(el i=| 


J 


are transferred to: 
Mf PUT ¢ eng AUT 
This condition is necessary, and simultaneously also sufficient. 


Thanks to the same considerations as in Chap. p. sq., We now recognize 
that every transformation (16’) having the constitution demanded can also be de- 
fined as a system of equations in the 27 variables u, v, u, » which possesses the 
form: 


Uy = ..-,Ur—m =|--r—m 
(16’) { V: Wy (1, yU ) (v ) 
Op = Fu(us,--.,Ur—ms V1,-+-5 Vm) (u=1--m), 
which admits the r-term group: 


r 


Wif =f + Of + Yo &j Uf +V;if) Gtiey 
j=l 
and which is solvable with respect to u),...,Uy—m; V1,---)Vm- 


According to our assumption, the system of equations: 
(14) Uy = Wy(u1,---,Ur—m) (v=1--r—m) 


represents a transformation which transfers the r independent infinitesimal transfor- 
mations: 
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»y Oj Uj f (k=1---r) 
j=l 


to: Ly f,...,4-f, respectively, whence it admits the r-term group: 


Uf + py Oj Uj f (k=1-r), 
j=1 


J 


and consequently, also the group: W, f,...,W,-f. 

We can therefore use the developments of Chap.[14] pp.[239H242]in order to find 
a system of equations (16’) having the constitution demanded. 

To begin with, from W, f,...,W,f, we form certain reduced infinitesimal trans- 
formations: 29) f,...,2U;.f by leaving out all terms with the differential quotients: 
Of /Ou,,..., Of /AU-—m and by making the substitution: uj = Wi (u), ..., Un = 
W-—m(u) in all the terms remaining. If this substitution is indicated by the sign: | |, 
then the 2%; f read as follows: 


m 0 r 
Mi, f = y [Pee gang pans Vij .2c5 Oa oy >, Oj UF +Vif), 
H=1 Mo j=l 
or, more shortly: 
Wf = [Wf] + Yo bj (UF+VjS) (k=1--7). 


i=) 


Naturally, 20, f,...,20,f generate a group in the r+m variables 0j,...,0m, 
Uj,--+;Ur—ms V1,---5¥m and in our case, a group which is evidently r-term. 
At present, we determine in the b, uv, v a system of equations of the form: 


(17) wn = Wi (ut, ...,Ur—m; V1, +++, Vm) (u=1---m) 


which admits the group: 25) /,...,20,.f and which is solvable with respect to 
V1,---,Vm- Lastly, when we add this system to the equations (14), we then obtain 
a system of equations of the form (16’) which possesses the properties explained 
above. 

Since the r-term group: 


Y, 53 UF + Vif) (k=1--7) 
j=l 


is simply transitive, then in the matrix which can be formed with the coefficients 
of 25, f,...,20,-f, it is certain that not all r x r determinants vanish identically, and 
they can even less vanish all by virtue of a system of equations of the form (17). 
Consequently, every system of equations of the form (17) which admits the group: 
QU, f,...,W,f can be represented by m independent relations between m arbitrary 
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independent solutions of the r-term complete system: 
(18) Mh f= 0, 105 Wf =0 


in the r+m variables b1,...,0m, Uj,..-,Ur—ms Vi5-++5 Vm: 

The equations (18) are obviously solvable with respect to: Of/du, ..., 
Of /Ou;y—m, Of /OvV1, ..., Of /AVm; on the other hand, they are also solvable with 
respect to: 0f/du,...,0f/OuU;—m, Of /001,..., Of /O0m, because if we introduce 
the new Variables: (si. .dp oy Diss2 4 0q IN Place OF Ws ..25 tp gas Divo x. eB DY 
means of the equations: 


(14) Uy = Wu (U1, --+,Ur—m) (u=1---r—m) 
in the r infinitesimal transformations: 
Sh f+ Of, tty Uf + Gf, 


then we obtain the infinitesimal transformations: 


Oj Uj f + pared (k=1---r) 
j=l 


which in turn generate therefore a simply transitive group in the variables: 
Uj,---,Ur—m, 91,---, 0m. 
Consequently, if: 


Pi Viysssg my Uj,---,Ur—m, Vises Ven) (u=1---m) 


are m arbitrary independent solutions of the complete system (18), then these 
solutions are mutually independent both relatively to v;,...,,, and relatively to 
V1,+-+,Vm (cf. Theorem 12, p.[102). 

From this, it results that the most general system of equations of the form (17) 
which can be resolved with respect to v1,...,V¥m_ and which admits the group: 
QU, f,...,W,f can be obtained by solving the m equations: 


(19) Py (01, ..+) Opn; U1) -- +) Ur Viy+++;Vm) = const. (u=1--m) 


with respect to 01,..., 0. 


At present, we can immediately indicate a transformation, and in fact the most 
general transformation (16’), which transfers the infinitesimal transformations: 


Yi Hj (Us+ViS), 5 YSU F+VS) 
f= jal 


to the infinitesimal transformations: 


GF OS ey A FS, 
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respectively; this transformation is simply represented by the equations (14) 
and (19) together. Lastly, if we introduce again the variables: yj,...,¥;, ¥j,---,Y, 
in (14) and in (19), we obtain a transformation which leaves invariant the group: 
Y| f,...,¥-f and whose equations embrace the equations (14’); in other words, we 
obtain a transformation which leaves the group: Z,f,...,Z,f invariant and which 
transfers the subgroup: Z,f,...,Zmf to the subgroup: 3) f,...,3m/f. 

With these words, it is proved that there always exists a transformations hav- 
ing the constitution just described, as soon as the two groups: U,f,...,U;f and 
UU f,...,4-f are similar to each other. But since the similarity of the two groups 
follows from the existence of such a transformation, according to p.|453]sq., we can 
say: 

The two groups: U,f,...,U;f and Uy f,...,44-f are similar to each other if and 
only if there is a transformation which leaves invariant the group: Z,f,...,Z;f and 
which transfers the subgroup: Z,f,...,Zmf to the subgroup: 3\f,...,3mf- 


Now, the group: Z;f,...,Z,f is simply transitive, hence it is clear that there al- 
ways is a transformation of this sort when and only when the group: Z,f,...,Z,f 
can be related to itself in a holoedrically isomorphic way so that the two subgroups: 
Zi f,.--;Zmf and 31 f,...,3mf correspond to each other. Consequently, for the sim- 
ilarity of the groups: U; f,...,U;f and U,f,...,4-f, we find exactly the same crite- 
rion as we had expressed in Theorem 80, p. 

Besides, the preceding developments can also be used to derive a new proof of 
the Theorem 76 in Chap. [21] p. 

At first, thanks to considerations completely similar to the ones on p. it can 
be proved that the transitive groups: U;f,...,U,f and U,f,...,40.f can be related 
to each other in a the holoedrically isomorphic way described in Theorem 76 if and 
only if it is possible to relate the group: Z) f,...,Z;f to itself in a holoedrically iso- 
morphic way in such a way that the subgroups: Z,f,...,Zmf and 3, f,..-,;3mf cor- 
respond to each other. Afterwards, it follows from the preceding developments that 
the conditions of the Theorem 76 for the similarity of the two groups: U; f,...,U-f 
and Ll, f,...,4f are necessary and sufficient. 


109. 


Now, we turn to the second one of the two problems, the settlement of which was 
announced in the introduction of the chapter (on p.[437): to the determination of all 
r-term intransitive groups; as was already said at that time, we want to undertake 
the determination in question under the assumption that all transitive groups with 
r or less parameters are given. Since all transitive groups with an equal number of 
parameters can be ordered in classes according to their composition and moreover, 
since all transitive groups having one and the same composition decompose in a se- 
ries of types (cf. p.[441]sq.), we can precise our assumption somehow more exactly 
by supposing firstly that all possible compositions of a group with r or less parame- 
ters are known and secondly by imagining that for each one of these compositions, 
all possible types of transitive groups having the concerned composition are given. 
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To begin with, we consider an arbitrary r-term intransitive group. 
If X,f,...,X,f are independent infinitesimal transformations of an r-term group 
of the space x1,...,Xn, the r equations: 


(20) Xi f=0, ...,%f=0 


have a certain number, say exactly n —/ > 0, of independent solutions in common. 
Hence we can imagine that the variables x;,...,, are chosen from the beginning in 
such a way that xj41,...,X, are such independent solutions. Then X/f,...,X;f will 
receive the form: 


l Of 
Xf = Mi sicgeX ip MPA sey (k=1--r) 
k py Exa (X1 1 X141 are 


where now naturally, not all / x / determinants of the matrix: 


Gira) > = Eiglx) 


Bie ae 


vanish identically, since otherwise, the equations (20) would have more than n —/ 
independent solutions in common. 

If the number r, which is at least equal to /, would be exactly equal to /, then 
X,f,...,X;f would be linked together by no relation of the form: 


WA Milgeneg ta Art ae Mia loerian ey =O) 


but now, r needs not be equal to /, hence relations of the form just described can 
also very well exist without that all the functions 7;,...,7,- vanish. So we want to 
assume that X;f,...,Xmf, say, are linked together by no such relation, while by 
contrast, Xi41,...,X;f may be expressed as follows in terms of X1f,...,Xm/f: 


(21) Let = a Oy (Xi415+«+5Xn) Xp f (v=l1--r—m). 
u=1 


Here of course, m satisfies the inequations: 1 <m <r. 
By combination of the equation (21) with the relations: 


Xi, Xi] =) cis Xf (i, k=1--7) 
s=1 


which hold true in all circumstances, we yet recognize that X| f,..., Xj stand pair- 
wise in the relationships: 
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m r=" 
[X,, Xu] = >; {aunt y CA, u,m+v Ovaltretsssstn) bef 


m=1 v=1 
(A, W=1--m). 

Now, if the variables x)+1,...,X, are replaced by arbitrary constants: aj+1,...,@n 
and if x;,...,x; only are still considered as variables, then it is clear that the r in- 
finitesimal transformations: 

= : Of 
Xf = Y Era (X15-- +5 X15 A1415-++,An) —— (k=1---r) 
A=! Ox, 
in the / variables x;,...,x; are not anymore independent of each other, but can be 
linearly deduced from the m independent infinitesimal transformations: 
—_ d Of 
Xuf = y? Gua (a1, eee XJ, A415 +++ 2) aa (U=1--m). 
=) *A 


The m infinitesimal transformations X,f,...,X),f are in turn obviously linked to- 
gether by the relations: 


(22) [Xa, Xu — >, cre — >, Cr U.m+v Ova(ai41, ies tee ,An) \ Xai, 


nm=1 v=1 


and consequently, whichever values one may confer to the parameters aj+1,...,@n, 
they always generate an m-term group in the variables: x1,...,x;, and of course, a 
transitive group. 

Now, by conferring to the parameters a)+1,...,dn all possible values gradually, 
one obtains co”! m-term groups in / variables. On the occasion, it is thinkable, 
though not necessary, that these -”~! groups are similar to each other. If this is not 
the case, then these groups order themselves in c0”~!~° families, each one consisting 
in co° groups, and to be precise, in such a way that two groups in the same family 
are similar, while by contrast, two groups belonging to two different families are 
not similar. 


In all circumstances, our "~' groups belong to the same kind of type [TYPEN- 
GATTUNG]; in the latter case, this kind depends upon essential parameters (cf. p. 
sq.). 

At present, one may overview how one can find all intransitive r-term groups 
in n variables. One chooses two numbers / and m so that / < m <r and so that 
in addition / <n, and one then forms all kinds [GaTTUNGEN] of transitive m-term 
groups in / variables. If Y f,..., inf: 


I of 
f=) Nec, G1, O12,..-) a (k=1---m) 
i=l ss 
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is such a kind with the essential parameters 0, Q2, ..., then one interprets these 
parameters as unknown functions of x/+1,...,Xn, one sets: 


Xf = y Bri (41, --- Xn) Vif (k=1+-7), 
i=] 


and lastly, one attempts to choose the yet undetermined functions aj, By of 
X141,-+-,Xn in the most general way so that X)f,...,X,f become independent 
infinitesimal transformations of an r-term group. This requirement conducts to 
certain finite relations between the a, the B and the cx, of the sought r-term 
group which must be satisfied in the most general way. The expressions of the 
infinitesimal transformations determined in this way contain, apart from certain 
arbitrary constants cjx;, yet certain arbitrary functions of the invariants of the group. 
We therefore have at first the 


Theorem 83. The determination of all intransitive r-term groups: X,f,...,X;f in 
n variables requires, as soon as all transitive groups with r or less parameters are 
found, no integration, but only executable operations|l| 


It is to be observed that the computations necessary for the determination of all 
intransitive groups depend only upon the numbers r, / and m. By contrast, the num- 
ber n plays no direct role. Consequently: 


Theorem 84. The determination of all r-term groups in an arbitrary number of vari- 
ables can be led back to the determination of all r-term groups in r or less variables. 


Yet a brief remark about the determination of all intransitive r-term groups of given composition. 

If a group of the concerned composition contains only a finite number of invariant subgroups, 
then m must be equal to r (Proposition 8, p. B17), and consequently, the settlement of the prob- 
lem formulated just now amounts without effort to the determination of all transitive groups of the 
concerned composition. By contrast, if there occur infinitely many invariant subgroups, m can be 
smaller than r; then according to the developments just mentioned, the m-term group Xf,...,Xmf 
discussed above must be meroedrically isomorphic to the sought r-term group. We do not want to 
undertake to show more closely how the problem can be settled in this case. 


+ LIE, Archiv for Math. og Naturv. Vol. 10, Christiania 1885; Math. Ann. Vol. XVI, p. 528, 1880. 


Chapter 23 
Invariant Families of Manifolds 


If x,,...,X, are point coordinates of an n-times extended space, then a family of 
manifolds of this space is represented by equations of the form: 


(1) i Risessshns assent) =), tees Deg Miy0025 Xn; ly ~0e5dm) =), 


in which, aside from the variables x),...,x,, yet certain parameters: /;,...,l are 
present. 
If one executes an arbitrary transformation: 


BI Mins anste G=1n) 


of the space x1,...,Xn, then each one of the manifolds (1) is transferred to a new 
manifold, hence the whole family (1) converts into a new family a new family 
of manifolds. One obtains the equations of this new family when one takes away 
X1,.-+,;Xn from (1) with the help of the n equations: x; = fi(x). Now in particular, 
if the new family of manifolds coincides with the original family (1), whence 
every manifold of the family (1) is transferred by the transformation: x; = f;(x) 
to a manifold of the same family, then we say that the family (1) admits the 
transformation in question, or that it remains invariant by it. 


If a family of manifolds in the space x,,...,x, admits all transformations of an 
r-term group, then we say that it admits the group in question. 
Examples of invariant families of manifolds in the space x1,...,x, have already 


appeared to us several times; every intransitive group decomposes the space into an 
invariant family of individually invariant manifolds (Chap. [13] pp.[223H224); every 
imprimitive group decomposes the space in an invariant family of manifolds that it 
permutes (p. sq.); also, every manifold individually invariant by a group may 
be interpreted as an invariant family of manifolds, namely as a family parametrized 
by a point. 

In what follows, we now consider a completely arbitrary family of manifolds. At 
first, we study under which conditions this family admits a single given transfor- 
mation, or a given r-term group. Afterwards, we imagine that a group is given by 
which the family remains invariant and we determine the law according to which 
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the manifolds of the family are permuted with each other by the transformations 
of this group. In this way, we obtain a new process to set up the groups which are 
isomorphic with a given group. Finally, we give a method for finding all families of 
manifolds invariant by a given group. 


110. 


Let the equations: 
(1) Dg (%1,.--5%ny h,.--ylm) = 0 (k=1--n—@q) 


with the m arbitrary parameters /),...,/, represent an arbitrary family of manifolds. 

If /1,...,/m are absolutely arbitrary parameters, then naturally, one should not be 
able to eliminate all the x from (1); therefore, the equations (1) must be solvable 
with respect to n — q of the variables x1,..., Xp. 

By contrast, it is not excluded that the / can be eliminated from (1), and this says 
nothing but, that some relations between the x alone can be derived from (1). Only 
the number of independent equations free of the / which follow from (1) must be 
smaller than n — g, since otherwise, the parameters /,,...,/- would be only apparent 
and the equations (1) would therefore represent not a family of manifolds, but a 
single manifold. 

Before we study how the family of manifolds (1) behaves relatively to transfor- 
mations of the x, we must first make a few remarks about the nature of the equa- 
tions (1). 

The equations (1) contain m parameters /,,...,/,; if we let these parameters take 
all possible values, then we obtain oo” different systems of values: /),...,/m, but not 
necessarily oo” different manifolds. It must therefore be determined under which 
conditions the given system of equations represents exactly oo” different manifolds, 
or in other words: one must give a criterion to determine whether the parameters: 
l,,.--,/m in the equations (1) are essential, or not. 

In order to find such a criterion, we imagine that the equations: Q; = 0 are solved 
with respect to n — q of the x, say with respect to xg41,...,Xn! 


Xg+k = Work (X1, 12 yXqy hiss : sale) 
(k=1---n— q) 


(2) 


and we imagine moreover that the functions y,,, are expanded with respect to 
the powers of: x; — x?, feaglg =x in the neighbourhood of an arbitrary system 
of values: oe ne a The coefficients of the expansion, whose number is naturally 
infinitely large in general, will be analytic functions of /),...,/m and we may call 
them: 
Ag ligaceyly) (j=1,2-) 

The question amounts just to how many independent functions are extant amongst 
all the functions Aj, A2,.... 
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Indeed, if amongst the A, there are exactly / that are mutually independent func- 
tions — there are anyway surely no more than / —, then to the oo” different systems 
of values: /1,...,/m, there obviously correspond also co” different systems of values: 
Aj, Ag, ..., and therefore oo” different manifolds (2), that is to say, the parameters 
are essential in the equations (2), and hence also in the equations (1). 

Otherwise, assume that amongst the functions A,, Az, ..., there are not m but 
less functions, say only m—h, that are mutually independent. In this case, all the 
Aj can be expressed in terms of m—h of them, say in terms of: Aj,...,A/_,, 
which naturally must be mutually independent. To the ~” different systems of 
values 1;,...,/m, there correspond therefore o”’~" different systems of values 

ewe ge and oo”! different systems of values Aj, Ao, ..., so that the equa- 
tions (2), and thus also the equations (1), represent only oo”! different manifolds. 
This comes to expression in the clearest way when one observes that the functions 


Wo+k(x,1) contain the parameters /;,...,/m only in the combinations: Aj,...,A/ 


*94"m—h? 
so that the equations (2) possess the form: 
> — / / 
(2’) Xg+k = W gig ty +21 %qpAy,- ++; oo , (k=1--n—q). 
From this, it indeed results that we can introduce precisely Aj,...,A/_,, a8 new pa- 
rameters in place of /;,...,/,,a process by which the number of arbitrary parameters 


appearing in (2) is lowered to m— h. 
Thus, we can say: 
The equations: 


Qe saxty lise 9bn) =O (k=1---n—q) 
represent different manifolds only when it is not possible to indicate m—h<m 
functions 7, ...,%mn—n Of l1,..-,lm such that, in the resolved equations: 
Kegtde = Weise 1 ying Xgy lige se ghm) (k=1--n—q), 
the functions Wq+1,.-., Wy can be expressed in terms of x1,...,X, and of M%],...,%n—h 


only. By contrast, if it is possible to indicate m—h < m functions Ty having this 
constitution, then the equations Q, = 0 represent at most -""—" manifolds and the 


parameters l,,...,lm are hence not essential. 
Here, yet a brief remark. 
If the functions: Aj, A2,... discussed above take the values: AP ; rt after the substitution: /; =/ ts 
aby = if. then the equations: 
Ap hipasin) =Ap Tee 
define the totality of all systems of values /,,...,/,, which, when inserted in (2) or in (1), provide 
the same manifold as the system of values: ie bbs ae Now, if amongst the functions Aj, Ao, ..., 


there are m functions that are mutually independent, then the parameters /,,...,/, are all essential, 
whence the following obviously holds: Around every system of values / a ...,19 in general position, 
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one can delimit a region such that two distinct systems of values /,,...,/,, of the concerned region 
always provide two manifolds that are also distinct. 


The definition for essentiality [WESENTLICHKEIT] and for inessentiality [NICHTWESENTLICHKEIT] 
of the parameters /;,...,l/m (respectively) given above is satisfied only when the 
equations: Q; = 0, ..., Q, = 0 are already solved with respect to n — q of the x. 
However, it is desirable, in principle and also for what follows, to reshape this 
definition so that it fits also to a not resolved system of equations 2; = 0. 
There is no difficulty for doing that. 


Let the parameters /),...,/ 1n the equations: 
(2) Xg+k = Wii RNs say RG Lig sseyla) (k=1--n—q) 
be not essential, whence one can indicate m —h < m functions: 7 (1),..., %m—n(L) 
so that Wj41(x,/), ..., Wn(x,/) can be expressed in terms of x),...,x, and 
of m(/),...,%m—n(l) alone. Evidently, there is then at least one linear partial 


differential equation: 


m 0 
if= Ayal ---sba) =0 
L=1 u 


with the coefficients: A;(/),...,Ay(/) free of the x which is satisfied identi- 
cally by all functions: 7(/),...,2%n—n(/), and hence also by all the functions: 
Xq+i — Wq+i(x,/). Thus, we can also say (cf. Chap.[7] Theorem 15, p.[128): 

When the parameters /;,...,/ are not essential in (2), then the system of equa- 
tions (2), interpreted as a system of equations in the variables: x1,...,Xn, /1,..-,lm, 
admits an infinitesimal transformation Lf in the variables /,,...,/, alone. 

But the converse also holds true: When the system of equation (2), interpreted as 
a system of equations in the variables x1,...,Xy, /),..-,/m, admits an infinitesimal 
transformation Lf in the / alone, then the parameters /;,...,/,, are not essential in 
the system of equations; it is indeed immediately clear that, under the assumption 
made, Wy+1(x,/),..., Wn(x,/) are solutions of the partial differential equation: Lf = 
0, whence it is possible to lower the number of arbitrary parameters appearing in (2). 

If we bear in mind that the system of equations (2) is only another form of the 
system of equations (1), then we realize without effort (cf. p.[122) that the following 
proposition holds: 


Proposition 1. A system of equations: 


(1) OR Miseveaas liscsta) =O (k=1---n—@q) 

with the l,,...,lm parameters which is solvable with respect to n —q of the vari- 
ables x1,...,Xn represents oo” different manifolds of the space x,...,Xn if and only 
if, when it is regarded as a system of equations in the n+ m variables: x1,...,Xn, 


L,,..-,lm, it admits no infinitesimal transformation: 
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m 0 
Lf= ), A (lis ---stn) 5 
u=1 u 


in the variables | alone. 


111. 


In the space x,,...,%n, let at present a family of ©” different manifolds be deter- 
mined by the n — g equations: Q;(x,/) = 0, or by the equally good [GLEICHWERTIG] 
equations: 


(2) Kak = Wek OG yeas Xng ligesenkm) (k=1+--n—q). 


If this family is supposed to remain invariant by the transformation: x, = 
fi(x1,---;Xn), then every manifold of the family must be transferred by the con- 
cerned transformation again into a manifold of the family. Hence, if by /},...,//, we 
understand the parameters of the manifold of the family into which the manifold 
with the parameters /),...,J is transferred by the transformation: x; = fj(x), 
then after the introduction of the new variables: x, = fi(x), ..., x}, = fn(x), the 


equations (2) must receive the form: 


! ! toy ! 
Kerk = Watk(%15--- 1X qs! sestisbgleg:) (k=1--n—q), 


where the parameters /|,...,}, depend naturally only upon the /. 
But now, after the introduction of the x’, the equation (2) evidently take up the 
form: 


! ! ! . 
Xorg = Pgpe(X1s-+-%q, Figccculen) (k=1--n—q)3 


thus, if the family (2) is supposed to remain invariant by the transformation: x; = 
fi(x), then it must be possible to satisfy the n — q equations: 


(3) Work (x1, : saath re eC : ssig a Lisscdu ine) (k=1---n—q) 
independently of the values of the variables x/,,...,x/. 

If one expands the two sides of (3), in the neighbourhood of an arbitrary system 
of values x,°,...,x,°, with respect to the powers of: x, —x,°, ..., x, —x,°, if one 
compares the coefficients, and if one takes into account that /,...,//, are essential 
parameters, then one realizes that /;,...,//, must be entirely determined functions 
Ol Listsan ly: 

Ei = Hallisexalen) (u=1---m) 


Conversely, the / must also naturally be representable as functions of the 1’, be- 
cause through the transition from the x’ to the x, the family of our manifolds must 
also remain unchanged. 

We therefore see that the equations: 


= Fi(HigicigMe) Gln); Ei=Xulli,..-:tm) (w= 1--m) 
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taken together represent a transformation in the n+ m variables: x1,...,%y,l1,.--,lm 
that leaves invariant the system of equations: xgi4 = Wg+x(x,/ in these n +m vari- 
ables. Consequently, we can say: 


A family of 2" manifolds: 


Oj (%1,---:%ny hh, 5b) =0 (k=1--n—@q) 
in the space xX1,...,X, admits the transformation: 
/ i 
Ae = Fi Mies <h ap) (i=1---n) 


if and only if it is possible to add to this transformation in the x a corresponding 
transformation: 


U,=Xplh,.--stm) (u=1---m) 
in the 1 in sucha way that the system of equations: Q;(x,1) =0 in then+m variables 
X1,---,Xp, [1,.-..,l, allows the transformation: 


ee ae Li =Milinvala: 


From the above considerations, it becomes clear that the transformation: Li = 


Xu(J), when it actually exists, is the only one of its kind; indeed, it is completely 
determined when the transformation x; = fj(x) is known. The transformation: / : = 
X%u(J) therefore contains no arbitrary parameters. 

If the family of the oo” manifolds: Q;(x,/) =0 allows two different transforma- 
tions: 


LaF Cigey)s 2) =F aeam,): 


then obviously, it admits also the transformation: 


x! =H fr), iegl es 


which comes into existence by executing each one of the two transformations one 
after the other. From this, we conclude: 


The totality of all transformations x, = f;(x1,...,Xn) which leave invariant a fam- 
ily of ” manifolds of the space x1,...,Xy forms a group. 


Naturally, this group needs neither be finite, nor continuous; in complete gener- 
ality, we can only say: its transformations are ordered as inverses by pairs. Hence 
in particular, when it contains only a finite number of arbitrary parameters, then it 
belongs to the category of groups which was discussed in Chap. and according 
to Theorem 56, p. it contains a completely determined finite continuous sub- 
group generated by infinitesimal transformations. Evidently, this subgroup is the 
largest continuous subgroup by which the family Q;(x,/) = 0 remains invariant. 

We now turn ourselves to the consideration of finite continuous groups which 
leave invariant the family of the oo” manifolds: 
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(1) De Misccsrene lig secclan) (k=1---n—@)3 


however, we restrict ourselves at first for reasons of simplicity to the case of a one- 
term group having the concerned constitution. 
Let the family of the ©” manifolds (1) admit all transformations: 


(1) = Fi Ki jorcs Hy) (i=1---n) 
of the one-term group: 


n ra 
R=) cdi) = 
i=l i 


The transformation in the / which, according to p. corresponds to the general 
transformation: x, = f;(x,a), can be read: 


(4’) Li = Fig Ug uesa beng E) (U=1---m). 


It is easy to see that the totality of all transformations of the form: 


(4”) P27 ihe f) (i=1-+n) 
U = Aplhy sm, €) (u=1---m) 
forms in turn a one-term group in the n + m variables: x1,...,Xn, l1,.--,lm- 


In fact, according to p. the transformations (4’’) leave invariant the system of 
equations (1); hence if one executes at first the transformation (4”) and afterwards a 
transformation of the same form with the parameter €;, then one gets a transforma- 


tion: i 
Xi =F Fite i s.ccn ee) Ei) (i=1--n) 
Le = Hl WE) scety nse), £1) (U=1---m) 


which, likewise, leaves invariant the system of equations (1). Now, the transforma- 
tion: 


(5) xi = fil fil%€), ---s fn €), &1) 
belongs to the one-term group X f and can hence be brought to the form: 
SF Rig ccs Kh, ©) (i=1--n), 


where €) depends only on € and on €;. Consequently, the transformation in the / 
which corresponds to the transformation (5) has the shape: 


be = Xu Nisenrgliny (u=1+--m) 


and we therefore deduce: 
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Xu(xi (1, €), viteg Mall) E1) =Aulhys.csha, £2) 
w=. 


— 


mM). 


As a result, it is proved that the equations (4”) effectively represent a group in the 
n+m variables: x;,...,Xn, /1,-.-,/m, and to be precise, a group which possesses the 
same parameter group as the given group: x; = fj(x,€). At the same time, it is clear 
that the equations (4’) taken for themselves also represent a group in the variables: 
l,,...,/m, however not necessarily a one-term group, because it is thinkable that the 
parameter € in the equations (4’) is completely missing. 

The transformations of the group (4) order as inverses by pairs, hence the same visibly holds true 


for the transformations of the group (4’). From this, it comes (cf. Chap. [9] p. above) that the 
group (4”) also contains the identity transformation, and in addition, an infinitesimal transformation: 


n of m af 7 
dL Silesia) ot De Au(lay stm) 5a =X +L, 


by which it is generated. 


We recapitulate the gained result in the: 


Proposition 2. [f the family of the o"" manifolds: 


CAR ii cutee Hietcagla lt =O (k=1---n—q) 
of the space x1,...,X, admits all transformations: 
/ 7 
Ke = Fi Minacig tng B) (i=1---n) 


of the one-term group: 


7 n of 
XP= J Eiltts---2%0) Be 


then the corresponding transformations: 


= Fi Cigale) (i=1---n) 
bi = Wil liy0225 bes) (u=1---m) 
which leave invariant the system of equations: Qi(x,1) =0, ..., Qr—q(x,1) = 0 in 
then-+m variables: x1,...,Xn, l,.--,lm form a one-term group with an infinitesimal 
transformation of the shape: 
ie OF. of 
i(X],.--,Xp) =— Au(l,..-,ln) —— =Xf+HLf. 
X Si(e eran? (Aske) oy XPT ES 


At present, we set up the following definition: 
Definition. A family of »” manifolds: 


OAM sicvetaslisicagt ay —O0 (k=1---n—@q) 
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of the space X1,...,X, admits the infinitesimal transformation: 
n of 
xXf= i(X1,---,Xp) —— 
f L Eil 1 n) Ox; 
when there is, in l,,...,lm, an infinitesimal transformation: 
m of 
Lf = se Au (hi, .-+sbm) oT. 
u=1 u 
such that the system of equations: Q)(x,1) = 0, ..., Qn—q(x, 1) = 0 in then+m 
variables: x1,...,Xn, 1,,..-,lm admits the infinitesimal transformation X f + Lf. 


It yet remains here to consider the question whether the infinitesimal transfor- 
mation Lf is completely determined by the transformation X f. One easily realizes 
that this is the case; indeed, if the system of equations: Q;,(x,/) = 0 admits the two 
infinitesimal transformations: X/+ Lf and X f+ Lf, then it admits at the same time 
the transformation: 

Xf+Lf —(Xf+£f) =Lf—£f; 


but since the parameters of the family: Q;(x,/) = 0 are essential, the expression: 
Lf — &f must vanish identically, hence the transformation £f cannot be distinct 
from the transformation Lf. 

By taking as a basis the above definition, we can obviously express the content 
of Proposition 2 as follows: 

If the family of the oo” manifolds: 


D2 Miecenap lion) =O (k=1--n—@q) 


admits the one-term group Xf, then at the same time, it admits the infinitesimal 
transformation X f. 

Conversely: when the family of the oo” manifolds: Q;(x,/) = 0 admits the in- 
finitesimal transformation X f, then it also admits the one-term group X f. 

Indeed, under the assumption made, if the system of equations: Q;(x,/) = 0 in 
the n+ m variables x, / admits an infinitesimal transformation of the form: 


i af a 0 
Xf+Lf= d Eilers se) SE 4 » Ay bss) Se 
= i b= 


ther] it admits at the same time all transformations of the one-term group: X f+Lf, 
and therefore, the family of the oo” manifolds: Q;(x,/) = 0 in the space x1,...,xn 
allows all transformations of the one-term group X /. 

With these words, we have prove the: 


Proposition 3. The family of the ~'" manifolds: 


' See Chap.[6] Theorem 14, p.[[23]for this general fact. 
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Qiang Lisaeegdn) =O (k=1---n—@q) 


in the space x,,...,Xn admits the one-term group X f if and only if it admits the 
infinitesimal transformation X f. 


If one wants to know whether the family of the oo”” manifolds: Q;(x,/) = 0 admits 
a given infinitesimal transformation X f, then one will at first solve the equations 
Q,(x, 1) = 0 with respect to n — q of the x: 


(2) Xg+k = Wick Mi yxy Mgy lignes shin) (k=1--n—q), 


and afterwards, one will attempt to determine m functions: A; (/),...,Am/(J) of the / 
so that the system of equations (2) in the n+ m variables x, / admits the infinitesimal 
transformation: 


n m 0 
AP else =) Gass : po) + Dau (ans ig 
i=1 — L 
If one denotes the substitution: x941 = Wg+1,---,%n = Wn by the sign | ], then 
one obviously obtains for A; (/), ..., Am(/) the following equations: 
— 2 v +k OWo+k 
¥ tal Se = (Brad — Ce 
i= “J 
(k=1--n—q), 
which must be satisfied independently of the values of the variables x ,...,x 7. The- 


oretically, there is absolutely no difficulty to decide whether this is possible. One 
finds either that there is no system of functions A, (/) which has the constitution 
demanded, or one finds a system of this sort, but then also only one such system, 
for the infinitesimal transformation Lf is indeed, when it actually exists, completely 
determined by X f. 

At present, we will prove that the following proposition holds: 


Proposition 4. [f the family of the '" manifolds: 
Opty 2s%ny lyeeeglm) =O (Reena) 
in the space xX1,...,X, admits the two infinitesimal transformations: 
n Of n ay 
Xi f= (x) ——, Xf = i(x) ——, 
iy L E1i( ) Ox; oh L Eai( ) Ox; 
then it admits not only every infinitesimal transformation: 


ey Xi f +e2Xof 
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which can be linearly deduced from X,f and X>f, but also the transformation: 
[X1, Xo]. 


Under the assumptions that are made in the proposition, there are two infinites- 
imal transformations L; f and Lf in the / alone that are constituted in such a way 
that the system of equations: Q;(x,/) = 0 in the n+ variables x, J allows the two 
infinitesimal transformations X) f +L) f, X2f +L2f. According to Chap.|[/| Proposi- 
tion 5, p. the system of equations Q,(x,/) = 0 then also admits the infinitesimal 
transformation: [X;, Xz] + [L1, L2] coming into existence by combination; but this 
precisely says that the family of the oo” manifolds Q;(x,/) =0 also admits [X1, X]. 
As a result, our proposition is proved. 

The considerations that we have applied in the proof just conducted also give yet 
what follows: 


If the family of the e' manifolds Q;,(x, 1) = 0 admits the two infinitesimal trans- 
formations X,f and Xf, and if L; f and Lyf, respectively, are the corresponding 
infinitesimal transformations in l,,...,lm alone, then the infinitesimal transforma- 
tion |L,, L2| corresponds to the transformation |X, X2]. 


At present, we assume that the family of the oo” manifolds: Q;(x,/) = 0 in the 
space: X1,...,X, allows all transformations of an arbitrary r-term group: 
(6) Ke Riga ecsths Ol o.diatns (i=1--n). 


Let the group in question be generated by the r independent infinitesimal transfor- 
mations: 
of 


Xf — dL Cae «: Xn) Ox} 


so that between: X)/f,...,X,,f, there are relations of the known form: 


Xi, Xe] = YO cits Xsf (i, k=1--7). 
s=1 
If: 
(6’) LS 2 Merete) (u=1--m) 


is the transformation in the / which corresponds to the general transformation: x, = 
fi(x,a) of the group: X\f,...,X,f, then the equations (6) and (6’) taken together 
represent an r-term group in the n+ m variables: x1,...,Xn, 41,.--,dm. 
In fact, if Tia,a,)> or shortly T/,), and Tp, ._p,), or shortly 7(,), are two transfor- 
mations of the group: x; = f;(x,a), then when executed one after the other, they pro- 
duce in the known way a transformation: T(,) T(,) = Ti.) of the same group, where 
the parameters c,,...,c, depend only on the a and on the D. 

On the other hand, if S(,) and S(,) are the transformations (6’) which correspond, 
respectively, to the transformations 7(,) and 7(,), then one obviously obtains the 
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transformation in the / corresponding to the transformation 7(,)7(p) when one 
executes the two transformations S(,) and S(,) one after the other, that is to say: 
the transformation S(,)S(,) corresponds to the transformation T(,) T(»). But now, 
we have: T(q) 7(y) = T(-) and the transformation S(.) in the / corresponds to the 
transformation 7/,), whence we must have: S(,) Sip) = Sic). 

With these words, it is proved that the equations (6) and (6’) really represent an 
r-term group in the variables: x;,...,Xy, /,.-.,/m and to be precise, a group which 
is holoedrically isomorphic with the group: x; = f;(x,a); indeed, both groups visibly 
have one and the same parameter group (cf. Chap. [21] p.[410]sq.). 

At the same time, it is proved that the equations (6’) in turn also represent a 
group in the variables /),...,/m, and in fact, a group isomorphic with the group: 
x= Filaya) (cf, Chap. p. sq.), as it results from the symbolic relations 
holding simultaneously: 

Ta) Mo) = Me) 
and: 

5(a) 5(o) = S(e): 
If one associates to every transformation of the group (6) the transformation of the 
group (6’) which is determined by it, then one obtains the two groups (6) and (6’) 
related to each other in an isomorphic way. 

The isomorphism of the two groups (6) and (6’) needs not at all be holoedric, and 
in certain circumstances, the group (6) can even reduce to the identity transforma- 


tion, namely when the group x’ = f(x,a) leaves individually untouched each one of 
the oo” manifolds: Q;(x,/) = 0. 


We will show that the group which is represented by the joint equations (6) 
and (6’) is generated by r independent infinitesimal transformations. 

Since the family of the oo” manifolds: Q;,(x,/) allows all transformations of 
the group: x; = fj(x,a), it admits in particular each one of the r one-term groups: 
Xf,...,X,;f, hence according to Proposition 3, p. it also admits each one 
of the r infinitesimal transformations: X,/f,...,X).f. From this, it results that to 
every infinitesimal transformation X;,f is associated a completely determined 
infinitesimal transformation: 


m 0 
Lg =, Aly -+-sbn) 52 
u=1 u 


of such a constitution that the system of equations: Q;(x,/) = 0 in the n+ ™m vari- 
ables: x1,...,Xn, 1,..-,/m admits the infinitesimal transformation: X;f + L;f. 
Naturally, the system of equations: Q;(x,/) = 0 admits at the same time every 
infinitesimal transformation: e; (X;f +L) f)+---+e,-(X-f+L,f), and in conse- 
quence of that, also every one-term group: e; (Xi f+L1f)+---+e-(X-f+L,-f). But 
since the group: x; = fi(x, a) consists of the totality of all one-term groups: e; Xf + 
---+e,X;,f, then the group represented by the equations (6) and (6’) must obvi- 
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ously be identical to the totality of all one-term groups: )) e,X;,f+¥ e.L;f, hence 
it must be generated by the r independent infinitesimal transformations: X;,f+Lzf, 
was what to be shown. 

Now, from this, it follows that two arbitrary infinitesimal transformations 
amongst the X, +L; f must satisfy relations of the form: 


Xi+Lif, Xet+Lef] = Yi cys Ref + Lf). 
s=1 


By verifying this directly, we obtain a new proof of the fact that all finite transfor- 
mations: x; = fi(x,@), Uj, = Xu(/,a) form a group. But at the same time, we realize 
that Ci = Cjxs, Which is therefore coherent with the fact that our new group in the x 
and / possesses the same parameter group as the given group: x; = f;(x, a). 

The system of equations: Q;(x,/) = 0 admits, simultaneously with the infinitesi- 
mal transformations: X;f+L;)f,...,X;f+L,f, the transformations: 


Xi, Xe] + (Li, Le] = Vo cies Xs f + (Li, La] 


s=1 


and therefore also the following ones: 


Fr tr 


[X;, Xx] + [Li, Le] — d Cis (Xo f +Lsf) = [Li La] - d Gxelisf 


in the variables /;,...,l, alone. But because of the constitution of the system of 
equations: Q;(x,/) = 0, this is possible only when the infinitesimal transformations 
just written vanish identically, hence when the relations: 


[Le Ly] = y Ciks Lsf 
hold true. From this, it results immediately: 
[Li, Lx] + [Xi, Xx] = y Ciks (Xsf +Lsf), 


whence the said property of the joint equations (6) and (6’) is proved. 

According to the above, it goes without saying that the group (6’) is generated 
by the r infinitesimal transformations: L) f,...,L,f. At the same time, in what pre- 
cedes, we have a new proof of the fact that the equations (6’) represent a group in 
the variables /;,...,/ which is isomorphic with the group: X,f,...,X;-f. 

At present, the isomorphic relationship between the two groups (6) and (6’) men- 
tioned on p.|[476]can also be defined by saying that to every infinitesimal transfor- 
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mation: e; X; f+--:+e,X,f is associated the infinitesimal transformation: e; Lf + 
--+e,L,f determined by it in the /. 
We therefore have the: 


Proposition 5. /f the family of the manifolds: 


Oe Kioxstchislinecagian =O (kK=1---n—@) 
in the space: X1,...,X, admits the r independent infinitesimal transformations: 
n Of 
Xf =) Eei(a1,---5%n) =— (k=1--r) 
i=1 Oxi 


of an r-term group having the composition: 
[Xz, Xz] = z Ciks Xf (i,k=1--r), 


then to every X;f there corresponds a completely determined infinitesimal transfor- 
mation: 
Of 


Lyf=Yy Aig (lis --bn) 5 


u=1 
of such a constitution that the system of equations: Q,(x,1) = 0 in the n+™m vari- 
ables: x1,...,Xy,) l,,...,lm admits the r infinitesimal transformations: X;.f +L,f, so 
the r infinitesimal transformations L;f stand pairwise in the relationships: 


[Li, Ly] = : Ciks Ls f (i,k=1--r), 


that is to say, they generate a group isomorphic with the group: X\f,...,X,f. 


Here, the following proposition may yet be expressly stated and proved indepen- 
dently: 


Proposition 6. [f the r-term group: X\f,...,X;f of the space x\,...,Xn contains 
exactly p <r independent infinitesimal transformations which leave invariant the 
oo” manifolds: 


Oe Riese Mig foxcegtay) =0 (k=1--n—q), 


then these p independent infinitesimal transformations generate a p-term subgroup 
of the group: X\f,...,Xrf. 


The proof is very simple. Let: 


{x} 

lI M ~ 
o 
J 
Ss 
2 

lI 
= 
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be such independent infinitesimal transformations of the group: X,/f,...,X;f which 
leave invariant the family: Q;(x,/) = 0, so that every other infinitesimal transfor- 
mation: e; X; f +---+e,X,f which does the same can be linearly deduced from 
= f,...,2)f. Then according to Proposition 4, p.[474] the family: Q;(x,/) =0 also 
admits every infinitesimal transformation: [Z,, Zy] of the group: X)f,...,X,f, and 
consequently, there are relations of the form: 


[Zy, zy] -¥ Suvnenf (MH, V=1---p) 


in which the gyyq denote constants. From this, it results that =) f,...,2)f effec- 
tively generate a p-term group. — 
If the family of the co” manifolds: 


(x1). 520s Hy ++ y4m) = 0 (k=1--n—@) 


is presented, and if in addition an arbitrary r-term group: X,f,...,X;f of the space 
X1,..-,Xy 1S also presented, one can ask how many independent infinitesimal trans- 
formations of the group: X,f,...,X; does the family presented admit. We now 
overview how this question can be answered. 

Indeed, if the family: Q;(x,/) = 0 is supposed to admit an infinitesimal trans- 
formation of the form: e; X;f+---+e,X,f, then it must be possible to indicate 
an infinitesimal transformation: Lf in the / alone such that the system of equa- 
tions: Q;(x,/) =0in the n+ variables: x1,...,X%n,l1,.--,ln admits the infinitesimal 
transformation: Ye, X,f+Lf. Hence, if we imagine that the equations: Q;(x,/) =0 
are resolved with respect to n — q of the x: 


Xg+k = Wij Mijas Mgy Lizaonzlm) (k=1--n—q), 


and if, as on p.|474| we denote the substitution: xg+1 = Wj+1, ---, Xn = Wn by the 
sign | |, then we only have to determine the constants e;,...,e,- and the functions: 
Ai(L),.--,Am(Z) in the most general way so that the n — g equations: 


2 : f 0 
£ ay het = F oo {bevel - Eb] “Seth 
j=l J 


o=1 


(k=1---n—q) 


are satisfied identically, independently of the values of the variables x),...,x,. In 
this way, we find the most general infinitesimal transformation: e; Xf +---+e-X--f 
which leaves invariant the family: Q;(x,/) = 0. 
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When the family of the co” manifolds: 


(1) Og jos 5 Xny Liye s5hn) =O (k=1+--n—q) 
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admits the transformation: x, = fi(x),...,%,), then there is, as we have seen on 
p. sq., a completely determined transformation: [), = Yu (l1,---;/m) of such a 
constitution that the system of equations: Q;(x,/) = 0 in the n+™m variables x, | 
admits the transformation: 


Xj = fi, ---,%n) (i=1--n) 
hi = Xp (h,---,bm) (uU=1---m). 


Already on p. [469] we observed that the equations: /;, = %,,(/) determine the pa- 
rameters of the manifold of the invariant family (1) into which the manifold with the 
parameters /;,...,J is transferred by the transformation: x; = fj(x). Hence, when 
we interpret /;,...,/ virtually as coordinates of individual manifolds of the fam- 
ily (1), the equations: i, = Xu (1) indicate the law according to which the mani- 
folds of our invariant family are permuted with each other by the transformation: 


Ke = Faln)s 
as if a special system of values: 1°, ... Bia admits the transformation: 
Bs = Xp(l,.++5tm) (u=1--m), 
then at the same time, the manifold: 
OM Mipsicttoy lsc, =O (k=1--n—@) 


admits the transformation: 
R= Fi Nieves) (i=1--n). 


In fact, the manifold: Q;(x,/°) = 0 is transferred, by the execution of the trans- 
formation: x; = f;(x), to the new manifold: 


D(H 5-+- Any MAP), ++) Xm(P)) = 0 (k=1--n—a); 


but under the assumption made, we have: 
Di) =1), (u=1--m), 


hence the new manifold coincides with the old one and the manifold: Q;(x,/°) = 0 
really remains invariant. 

However by contrast, the converse does not always hold true. If an arbitrary spe- 
cial manifold: 


OU igctns al oust) =0 (k=1---n—q) 


of the family (1) admits the transformation: x} = f;(x), then it does not follow from 
that with necessity that the system of values: ae ...,19 admits the transformation: 


“7m 


Ii, = Xu(1). Indeed, it is thinkable that, to the system of values: 1°,...,22, there is 
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associated a continuous series of systems of values: /;,...,/, which provide the 
same manifold as the system of values: Use ..,1°, when inserted 3 in (1); in this case, 
from the invariance of the manifold: Q,(x, 1°) = 0, it only follows that the individual 
systems of values: /,,...,lm of the series just defined are permuted with each other 
by the transformation: Ve = X,(/), but not that the system of values: Pag 1° te. 
mains invariant by the transformation in question. Nevertheless, if the l, do not have 
special values but general values, then the manifold: Qy(x,1) = 0 admits the trans- 
formation: x’, = f;(x,a) only when the system of values I, allows the corresponding 
transformation: Li; =p (1), and also, always in this case too. 


Now, we consider the general case where the family of the oo” 


manifolds: 
(1) Qin das lisesi =O (k=1--n—q) 
admits the r-term group: 

etc eee Ae) ee (i=1-+n) 


with the r independent infinitesimal transformations: X)f,...,X;f. Let the group in 
the / which corresponds to the group: x; = fj(x,a) have the form: 


Ue = Xu ieregdlny Giyoey Or) (U=1---m), 


and let it be generated by the r infinitesimal transformations: L; f,...,L, which in 
turn correspond naturally to the infinitesimal transformations: X1/f,...,X).f, respec- 
tively. 

At ist the Uae is how one decides whether the infinitesimal transforma- 
tion: e; ON; foot é X,f leaves invariant a determined manifold contained in the 
family (1): 


(7) Oe hig cxcitye Ey aaayl,) =O (k=1--n—4). 

It is easy to see that the manifold (7) admits in any case the infinitesimal trans- 
formation: eX foot eX, rd when the system of values: eee admits the 
infinitesimal transformation: e; Clift +e f. 

In fact, the system of equations (1) in the m+n variables: x1,...,Xn, l1,---,lm 


admits, under the assumptions made, the infinitesimal transformation: )° ef (Xj f+ 
Ljf); the n— q expressions: 


r 


rE m 2 
be (Xj 24+ Lj. Qx) = Yee Ente) + Y dnld a} 


therefore vanish all by virtue of: Qy(x,/) = 0, ..., Qn—g(x,1) = 0. This also holds 
true when we set: /; = i aigln = oe but now, the system of values DP isi ve admits 
the infinitesimal transformation: )° ef L;f and hence, the m expressions: 
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0 0 0 0 
eyAip(L) +-+-+e-Aru(E) (1 =1+-m) 


vanish all. Consequently, the n — g expressions: 


n r - 0 
y { a ef Ela) oe (k=1--n—q) 


i=l \ j=l 


vanish all by virtue of (). that is to say, the manifold (7) really admits the infinites- 
imal transformation: Y° ef Xjf. 
Nevertheless, the sufficient criterion found here with these words is not necessary. 
Indeed, if our family of manifolds Q;(x,/) = 0 remains invariant by the group: 
X,f,...,X,f, and if at the same time, the special manifold: Q,(x,/°) = 0 is supposed 
to admit the infinitesimal transformation: e” Xi ftert eX, f, then for that, it is 
only necessary that the n — q expressions: 


dO, (4, 1 
YY an( (?° a 


H=1 j= 


be equal to zero by virtue of the system of equations: Q;(x,/°) = 0; but it is not at 
all necessary that the r expressions: Y, ef Aju (I°) themselves vanish. 


Thus, if one wants to know whether every manifold: Q;(x,/) = 0 of the invari- 
ant family admits one or several infinitesimal transformations: Ye, X;f, and if in 
addition, one wants for every manifold /; to find the concerned infinitesimal trans- 
formation, then one has to determined the e; in the most general way as functions 
of the / so that the equations: 


(8) yo: eAjy(t) SO — 0 
u=1 j=1 u 


are a consequence of the system of equations: Q;(x,/) = 0. But since, according to 
an assumption made earlier on, the / are essential parameters, the system of equa- 
tions: Q;(x,/) = 0 in the n +m variables x, / can admit no not identically vanishing 
transformation: 


m 0 
YY ean) Se 


H=1 j= 
whence it follows with necessity that: 


ey Aip(l) +---+e-Arp (2) =0 (U=1,2+-m). 


We therefore get the following: 
ie y, ely f is the most general infinitesimal transformation contained in the 
group: Li f,...,L;f which leaves invariant the system of values: i ...,19 located 


in general position, then: Y. eX; f is the most general infinitesimal transformation 
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contained in the group: X\f,...,X;f which leaves invariant the manifold (7) 
located in general position. 


We can assume that amongst the r infinitesimal transformations: L f,...,L,f, 
exactly m — p, say: Li f,...,Lm_—pf, are linked together by no linear relation of the 
form: 


OG (isa -sln) Lif +-- + On— pHisews la) m— pf = 0, 
while by contrast: Ly—psif,...,Lrf can be nee linearly in terms of 
Lif, sisi Lin—pf: 

Lin ptif = bs Qiu (figa. Lm) Luf (j=l--r—m+p). 


We can always insure that this assumption holds, even when the infinitesimal trans- 
formations: L; f,...,L,f are not mutually independent, which can very well occur. 
It is now clear that the r—m-+ p infinitesimal transformations: 


m—p 


(9) Lin—p+jf - y jal) eoe5l) et (j=1--r—m+p) 
u=1 


leave invariant the system of values: cela moreover, because coil, isa 
system of values in general position, one realizes immediately that every infinites- 
imal transformation: Ye, L,;f by which the system of values remains invariant can 
be linearly deduced from the the r—m-+ p transformations (9). Consequently, the 
most general infinitesimal transformation: )\ e, X;f which leaves invariant the man- 
ifold (7) located in general position can be linearly deduced from the r—m-+ p 


transformations: 


m—p 


(10) Xm—p+jf — y OE wsaule) Mok (j=1--r—m+p). 
u=1 


Of course, the infinitesimal transformations (10) are mutually independent and 
they generate an (r—m-+ p)-term group, namely the most general subgroup con- 
tained in the group: X,f,...,X;f by which the manifold (7) remains invariant. 

In particular, if the group: L) f,...,Z,;f is transitive, then the entire number p 
has the value zero; so in this case, every manifold of the family (1) located in gen- 
eral position admits exactly r —m independent infinitesimal transformations of the 
group: X;f,...,X+f. 

We therefore have the 


Proposition 7. [f the family of the 0" manifolds: 
DO Mivvev as ieesgln) SO (k=1---n—@q) 
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admits the r-term group: X\f,...,X;,f, if moreover L,f,...,L,;f are the infinites- 
imal transformations in the | alone which correspond to the X;f and if lastly 
Li f,...,L,f are linked together by exactly r—m-+ p independent relations of the 
form: ¥, By(I) Lj f =, then the group: X\f,...,X;-f contains exactly r—m-+ p in- 
dependent infinitesimal transformations which leave invariant a manifold L Sea 
in general position. These transformations generate an (r —m-+ p)-term group. 
If the group: Li f,...,L;f in the m variables |,,...,lm is transitive, then every 
manifold of the family Q,(x, 1) = 0 located in general position admits exactly r—m 
independent infinitesimal transformations of the group: X\f,...,X;f and these 
infinitesimal transformations generate an (r —m)-term subgroup. 


We yet add here the obvious remark that the group: L, f,...,L,f in l,...,lm 1s 
transitive if and only if every manifold of the family Q;(x,/) = 0 located in general 
position can be transferred, by means of at least one transformation of the group: 
X\f,...,X;,f, to every other manifold. 


113. 


In the n-times extended space x1,...,Xn, let an r-term group: X1f,...,X;f be pre- 
sented, and in addition, let an arbitrary manifold, which we want to denote by M, 
be given. We assume that in the equations of M, no arbitrary parameters of any kind 
appear. 

If all oo” transformations of the group: X,f,...,X;f are executed on the manifold 
M, then this manifold is transferred to a series of new manifolds. We will prove that 
the totality of all these manifolds remains invariant by the group: X,f,...,X;f, and 
that it forms a family invariant by the group. 

Let M’ be an arbitrary manifold which belongs to the totality just said, and let 
T, be a transformation of the group: X) f,...,X;f which transfers M to M’, whence 
there is the symbolic equation: 


(M)T, = (M’). 
Now, if 7 is an arbitrary transformation of the group, we have: 
(M’)T = (M') TT = (M) Th, 


where the transformation 7 again belongs to the group; consequently, the mani- 
fold M’ is transferred by the transformation T to another manifold of the totality 
in question. Since this holds for every manifold M’ of the totality, we see that the 
manifolds belonging to the totality are permuted with each other by T, and hence 
actually, by all transformations of the group: X,f,...,X;,f, hence we see that the to- 
tality of manifolds defined above effectively forms a family invariant by the group: 
Xf pncey Meh 

It is easy to see that every manifold of this invariant family can be transferred, 
by means of at least one transformation of the group, to every other manifold of the 
family. Indeed, if: 
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(M') =(M)T,, (M") =(M)h, 
then (M) = (M’)T,', whence: 
(M") = (M')T," Tr, 


whence the claim is proved. At the same time, it results from this that one also 
obtains the discussed family of manifolds when one executes all co” transformations 
of the group on an arbitrary manifold of the family. 

We therefore have the 


Proposition 8. /f one executes all ' transformations of an r-term group: 


Xi f,...,Xrf of the Ry, on a given manifold of this space, then the totality of all 
positions that the manifold takes on the occasion forms a family of manifolds 
invariant by the group. Every manifold of this family can be transferred, by means 
of at least one transformation of the group, to any other manifold of the family. 
The family can be derived from each one of its manifolds in the same way as it is 
deduced from the initially given manifold. 


The manifold M will admit a certain number, that we assume to be exactly equal 
to r—m, of infinitesimal transformations of the group: X)f,...,X;fl!| These trans- 
formations then generate an (r — m)-term subgroup (cf. Theorem 31, p.[215). 

Now, let S be the general symbol of a transformation of this subgroup, so: (M) S= 
(M); moreover, let 7; be an arbitrary transformation of the group: X,f,...,X,f and 
let M be transferred to the new position M’ by T;: (M’) = (M)T,. Then it is easy to 
indicate all transformations T of the group X;,f which transfer M to M’. 

Indeed, one has: 

(M)T =(M') =(M)N, 


whence: 
(M)TT,' = (M), 


hence T (ae is a transformation S and $7; is the general symbol of all transforma- 
tions of the group X;f which transfer M to M’. But there are as many transforma- 
tions $7; as there are different transformations S, that is to say, co”. 

One finds in a similar way all transformations G of our group which leave M’ 
invariant. From (M’) G = (M’) and (M) T; = (M’), one obtains: 


(M) Ti ST," = (M), 


whence: 
nGl, =s, G= 1, 'Shi: 


+ The totality of all finite transformations of the group: X;f,...,X;f which leave invariant a manifold M always 
forms a subgroup (Theorem 32, p.[216}, but of course, this group needs not be a finite continuous group. Nevertheless, 
in the following developments of the text, when we make the implicit assumption that this subgroup is generated by 
infinitesimal transformations, that is not to be interpreted as an essential restriction, because we can indeed suitably 
narrow down the region ((a)) introduced on p.[24] 
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Likewise, there are oo’ such different transformations and their totality forms an 
(r —m)-term subgroup which is conjugate to the group S inside the group X;f. 
We summarize this result as follows: 


Proposition 9. [fa manifold M of the R, admits exactly r —m independent infinites- 
imal transformations of the r-term group: X\f,...,X;f, or briefly G,, if moreover 
S is the general symbol of the «"~" finite transformations of the (r —m)-term sub- 
group which is generated by these r —m infinitesimal transformations, and lastly, 
if T is an arbitrary transformation of the G;: X\f,...,X;f and if M takes the new 
position M' after the execution of T, then the G, contains exactly «"~" different 
transformations which likewise transfer M to M' and the general symbol of these 
transformations is: ST; in addition, the G, contains exactly e'~" transformations 
which leave M' invariant, these transformations have T~! ST for a general symbol 
and they form an (r—m)-term subgroup which is conjugate to the group of the S 
inside the G,. 


If we imagine that the oo” transformations of the group: x} = fi(x,a) are executed 
on the equations of the manifold M, then we obtain the analytic expression of the 
discussed invariant family of manifolds. Formally, this expression contains the r 
parameters a,,...,a,, but these parameters need not be all essential. We now want 
to determine the number m’ of the essential parameters amongst the parameters 
a1,.--,4,. ; 

Our invariant family consists of oo” different manifolds and each one of these 
manifolds can be transferred to every other manifold by means of a transformation 
of the group: X,f,...,X;f. According to Proposition 7, p.[483} each individual man- 
ifold amongst the co” manifolds then admits exactly r —m’ independent infinites- 
imal transformations of the G,; but from what precedes, we know that under the 
assumptions made, each one of these manifolds admits exactly oo” finite transfor- 
mations of the G,, and consequently, we have m’ = m and amongst the r parameters: 
a,..-,da,, there are exactly m that are essential. 

We therefore have the 


Proposition 10. [f a manifold of the n-times extended space Rn admits exactly r—m 
independent infinitesimal transformations of an r-term group: X\f,...,X;f of this 
space, then this manifold takes exactly ~” different positions by the -" transforma- 
tions of this group. 


114. 


In the equations of our invariant family of manifolds, the parameters need not, as 
said, be all essential, but we can always imagine that m < r functions /),...,lm of 
the a are introduced as new parameters so that the equations of our family are given 
the form: 

DW new sy ting Ligtecadm) =() (k=1--n—q), 


where now /,...,/ are essential parameters. 
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The family Q, = 0 remains invariant by the group: X,/f,...,X, while its indi- 
vidual manifolds are permuted with each other. The way how the manifolds are 
permuted is indicated by the group: L) f,...,L,f in the / alone which, as shown 
earlier on, is completely determined by the group: X1f,...,X;-f. 

The group L; f in the variables /,,...,/m 1s isomorphic with the group X;f, hence 
it has at most r essential parameters; on the other hand it is certainly, under the 
assumption made, transitive (cf. p. sq.), hence it has at least m essential pa- 
rameters. For us, it only remains to indicate a simple criterion for determining how 
many essential parameters the group L; f really has. 

Let the group: L) f,...,L,;f be p-term, where 0 < p <r. Because it is meroedri- 
cally isomorphic with the G,: X,f,...,X;,f, then there must exist in the G, an (r— 
p)-term invariant subgroup which corresponds to the identity transformation in the 
group L;f (cf. Theorem 54, p.B08). This (r — p)-term invariant subgroup of the G, 
then leaves individually fixed each one of the oo” manifolds: Q;(x,/) = 0, hence it 
is contained in the (r—m)-term subgroup g;—m of the G, which leaves invariant the 
manifold M discussed above and at the same time, it is contained in all (r—m)-term 
subgroups contained in the G,; which are conjugate, inside the G,, to the g,_ just 
mentioned. 

Conversely, if this g-_», contains an (r — p)-term subgroup which is invariant in 
the G,, then this subgroup is at the same time contained in all subgroups of the G, 
that are conjugate to the g;_m, hence it leaves untouched every individual manifold: 
Q,(x, 1) = 0, and to it, there corresponds the identity transformation in the group: 
(Cy pee oe 

In order to decide how many parameters the group: L)f,...,L,f contains, we 
therefore have only to look up at the largest group contained in the g,_,, which is 
invariant in the G,. When the group in question is exactly (r— p)-term (p > m), 
then the group: L) f,...,L,f 1s exactly p-term. 

We do not want to state this result as a specific proposition, but instead, we want 
to recapitulate all the results of the previous two paragraphs in a theorem. 


Theorem 85. Jf one has an r-term group: Xf,...,X;f, or briefly G,, of the space 
X1,...,X, and if one has an arbitrary manifold M which allows exactly r —m in- 
dependent infinitesimal transformations of the G, and hence which also admits the 
(r—m)-term subgroup g;—m generated by these infinitesimal transformations, then 
through the " transformations of the G,, M takes in total ~" different positions 
the totality of which remains invariant relatively to the group G,. If one marks the 


individual positions of M by means of m parameters: 1,,...,ln, then one obtains a 
certain group in l,,...,lm: 

/ 

Tn = Kuli, ---54m3 1, +++ yr) (u=1---m) 


which indicates in which way the individual positions of M are permuted with each 
other by the group: X\f,...,X;f. This group in the | is transitive and isomorphic 
with the group: X\f,...,X;f. If the largest subgroup contained in the g;—m which is 
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invariant in the G, is exactly (r — p)-term, then the group: ln = Xu (l,a) has exactly 
p essential parameters. In particular, if the G,; is simple, then the group in the | 
is always r-term and holoedrically isomorphic to the G;, with the only exception 
of the case m = 0, in which the group: ln = Xu(l,a) consists only of the identity 
transformation] 


The number r — p mentioned in the theorem may have each one of the values: 0, 
1,...,r—m; if r—p =0, then the (r— p)-term subgroup of the g,_ consists of the 
identity transformation, hence the group: ln = Xu (1,a) is holoedrically isomorphic 
to the G,; if r— p =r—m, then the g;_, itself is invariant in the G, and the group: 
I, = Xu(l,a) is only m-term. 


115. 


In the last but one paragraph we gave a method to find the families of manifolds 
which remain invariant by a given r-term group: X1f,...,X;f. The invariant families 
that we obtained in this way were distinguished by the fact that every manifold of a 
family of this sort could be transferred, by means of at least one transformation of 
the group: X,f,...,X;f, to every other manifold of the family. 

At present, we want to generalize the discussed method so that it produces all 
families of manifolds invariant by the group X)f,...,X,-f. 

For this, we are conducted to the obvious observation that the considerations of 
the pp. [484}486]also remain valid when the equations of the manifold M contain ar- 
bitrary parameters, that is to say: when in place of an individual manifold M we use 
directly a complete family of manifolds. Thus, we can also proceed in the following 
way in order to find invariant families of manifolds: 

We take an arbitrary family: 


(11) Vil Mirsada lt <ce, lt) =O (k=1---n—q) 


of co’ manifolds and we execute on it all oo” transformations of the group: 
X\f,...,X,f; the totality of all manifolds that we obtain in this way always forms a 
family invariant by the group: X,f,...,X7f. 

It is clear that we obtain all families invariant by the group: X,f,...,X;f when we 
choose the family (11) in all possible ways. Indeed, if an arbitrary family invariant 
by the group is presented, say the family: 


(1) OM Migs <p dayligetighny =O (k=1--n—@q), 


then this family can in any case be obtained when we just choose, as the family (11), 
the family (1). Besides, one can easily indicate infinitely many other families (11) 
out of which precisely the family (1) is obtained, but we do not want to spend time 
on this. 

But it yet remains to answer a question. 


+ LIE, Archiv for Mathematik og Naturv., Vol. 10, Christiania 1885. 
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If the family (11) is presented and if all the transformations of the group: 
X\f,...,X,f are executed on it, then the equations of the invariant family which 
comes into existence in this way obviously have the form: 


(12) Wie igiths Mins Wi gece, Misia) =O (k=1---n—q), 
and therefore, they formally contain h+ r arbitrary parameters, namely: u1,...,Up, 
a,,...,a;. How many parameters amongst these parameters are essential? 


Every generally positioned manifold of the family (11) takes by the group: 
X\f,...,X,f a certain number, say oo”, of different positions; of these oo” positions, 
there is a certain number, say ~°, of different positions, which again belong to 
the family (11). In this manner, the complete family (11) is decomposed in ooht—0 
different subfamilies of 0° manifolds, in such a way that every manifold of the 
family (11) can always be transferred to every manifold which belongs to one 
and the same subfamily by means of at least one transformation of the group: 
X,f,...,X;,f, and such that every manifold of the family (11), as soon as it remains 
inside the family (11) by a transformation of the group: X)f,...,X,f, remains at 
the same time in the subfamily to which it belongs. 

Now, if we imagine that all transformations of the group: X,f,...,X;f are exe- 
cuted on two arbitrary manifolds which belong to the same subfamily, we obviously 
obtain in the two cases the same family of co” manifolds; on the other hand, if we 
imagine that all transformations of the group are executed on two manifolds of the 
family (11) which belong to distinct subfamilies, we obtain two distinct families of 
co? manifolds which have absolutely no manifold in common. 

Hence, when we choose on each one of the -”~° subfamilies of the family (11) 
a manifold and when we execute all transformations of the group: X;f,...,X;f on 
the so obtained oo”—° manifolds, we receive co”~° distinct families of co”? manifolds, 
in total oo—°+P different manifolds. At the same time, it is clear that in this way, we 
obtain exactly the same family as when we execute all transformations of our group 
on the manifolds (11) themselves. 

As a result, it is proved that the family (12) consists of oo”~°*+? different mani- 
folds, hence that amongst the h +r parameters of the equations (12), exactly h—o+ 
p are essential. 


We yet want to indicate how one has to proceed in order to determine the numbers p and o 
mentioned above. 

The number r — p is evidently the number of the infinitesimal transformations: e; X;f +---+ 
e,X,f which leave invariant a generally positioned manifold of the family (11). Now, the most gen- 
eral infinitesimal transformation: Y e ;X;f which leaves invariant the manifold: 


(13) Vi(X1,+++5Xn; U1,---;Un) =O (k=1--n—q) 


necessarily has the form: 


(14) Ye jltiyercyttn XG, 
j=l 
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where the e;(u;,...,u,) are functions of the u. So we need only to determine the functions e;(u) 
in the most general way so that the system of equations (13) in the variables: x;,...,x, admits the 
infinitesimal transformation (14). 

If we imagine that the equations (13) are resolved with respect to n — q of the x: 


Kerk = Ogee (Fy <« +, %qy Miz. 5M) (k=1--n—q), 


and if we denote the substitution: x9. = @j41,...,%n = @, by the sign [ ], we visibly obtain for the 
functions e ;(u) the equations: 


Bestest { erie by [Ein] aassi =0 


(k=1--n—q) 


(5) 


which must be satisfied independently of the values of x1,...,Xp. 

If we have determined from these equations the e;(w) in the most general way, we know the most 
general infinitesimal transformation )' e; X;f which leaves invariant the manifold (13) and from this, 
we can immediately deduce the number of the independent infinitesimal transformations )° e; X;,f of 
this sort. 

For the determination of the number o, we proceed as follows: 

We seek at first the most general infinitesimal transformation: )\ €;(u1,...,u,)X;f that transfers 
the manifold (13) to an infinitely neighbouring manifold, or, expressed differently: we seek the most 
general infinitesimal transformation: 


r h of 
Lf i(Uy,. Mn) Xif+ Y, Po(u1,--- un) > — 
j=l c=l1 Uo 


which leaves invariant the system of equations (13) in the n +h variables: x1,...,X%n, U1,-.-,;Un- 
If we keep the notation chosen above, the functions: €;(u) and @g(u) are obviously defined by 
the equations: 


Feed { saved Y (ee) Seth =F oyu) As 
j=l . 


(k=1--n—q) 


(15’) 


which they must satisfy independently of the values of the variables x1,... ,x,. 
We imagine that the €;(u) and the (uw) are determined in the most general way from these 
equations and we form the expression: 


= 1): h Oug 


Evidently, this expression can be deduced from a completely determined number, say h’ < h, of 
expressions: 
te) 
y Pro ( (u1,. - Un) =— am f (t=1--h') 
Ug 
by means of additions and of multiplications by functions of the wu. According to the nature of things, 
the h’ equations: 
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0 
y Pro (uj,...,U sty) =0 (t=1--h') 
o 


form an h/-term complete system with h — h’ independent solutions: 
W1(U1,---,Uh), «++; Wh—ht(U1,--- Un); 
and it is clear that the equations: 
w 1 =const., ..., Wy” = const. 


determine the oo’~° subfamilies in which the family (11) can be decomposed, as we saw above. 
Consequently, we have: ho =h—h', hence o =’. 


It should not remain unmentioned that the developments of the present chapter 
can yet be generalized. 

One can for instance, instead of starting from an individual manifold, start from 
a discrete number of manifolds or even more generally: instead of starting from an 
individual family of manifolds, one can start from several such families. We call a 
number of manifolds briefly a figure [FicuR]. 


116. 


The Theorem 85, p. contains a method for the determination of transitive 
groups which are isomorphic with a given r-term group; we have already explained 
a method for the determination of all groups of this sort in Chap. [22] p.[441]sq. At 
present, we will show that our new method fundamentally amounts finally to the 
old one, and we will in this way come to state an important result found earlier on, 
in a new, much more general form. 

Let: 


(16) Vit tanta) =( (k=1---n—q) 
be an arbitrary manifold and let: 
£, = Fo iy weve Ri Miyeansler) (i=1---n) 


be an arbitrary r-term group generated by r independent infinitesimal transforma- 
tions. By resolution with respect to the x, the equations: x; = fj(x,a) may give: 


/ / x 
Bi Fgh igen) (i=1-+n). 


Lastly, we want yet to assume that the manifold (16) admits exactly r — m indepen- 
dent infinitesimal transformations of the group: x, = fi(x,a). 

If we execute on the manifold (16) the general transformation: x; = fi(x,a) of our 
group, then according to Theorem 85, p. we obtain a family of 0” manifolds 
invariant by the group. The equations of this family are: 
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(17) Vi (Fi (x',a), beng Fale cia) = We pana sXe Q1y-2450r) = 0 
(k=1--n—q), 


hence they formally contain r arbitrary parameters. But amongst these r parame- 
ters, only m are essential, hence it is possible to indicate m independent functions: 
@(a),..-,@m(a) of the a so that the equations (17) take the form: 


(17’) Qj joey 1G) j04 On(a)) =O (k=1--n—q). 


Here, we can lastly introduce: /; = @(a), ..., lm = @m(a) as new parameters in 
place of the a; then in the system of equations: 


(18) Oe Bisnsay®, 


n? 


l1,...,lm) =0 (iH tem—y 


which comes into existence in this way, the parameters /,,...,/,, are essential. 

We find a new representation of our invariant family when we execute an arbi- 
trary transformation: x// = fj(x’,b) of our group on the system of equations (18). 
According to Theorem 85, p. (18) receives on the occasion the form: 


(18’) eG sgh li 


n? 


LA =0 (k=1---n—q), 


e9'm 


where the /' are completely determined functions of the / and of the b: 
(19) Bs = Xwlhi,--+y4my b1,--+5 Br) (u=1++m). 


We must obtain this representation of our family when we execute the transforma- 
tion: 


x =fil Aa), ere cat Diigeeing De) Fi Bijccig Rp A ycacg,) 


directly on the manifold (16), where the a’ are completely determined functions of 
the a and of the b: 


(20) i= Qj (a1,---54r, Dijvnny Dy) (k=1--r). 
If we do that, we receive the equations of our family at first under the form: 


VE owas 3) Wace pin aD 
(e=1--n-4), 


which we can also obviously write under the form: 
Q(x, peu WOU @ Mees mn (a’)) =) (k=1--n—q). 


But since these equations must agree with the equations (18’), it results that the 
parameters /’ are linked to the a’ by the relations: 


/ / / 
Ty = Oy (a},..-,4;) (u=1---m). 
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Because of the equations (19), we therefore have: 


Ou (a) = Xp Nisa cvg bey Digeseg Br) (u=1--m), 
or: 
(21) Oy (a) = Xn (@1(a),...,Om(a), bi,..-,br) (u=1--m). 
If we make here the substitution: a, = @1(a,b), ..., a. = (a,b), then we must 
obtain only identities, because the parameters a),...,a;, bj,...,b, are absolutely 


arbitrary, and hence, are linked together by no relation. 

At present, if we remember that the equations (20) represent a simply transitive 
group in the variables a,,...,a, equally composed with the group: x) = fi(x,a), 
namely the associated parameter group (Chap. p. 411), and that the equa- 
tions (19) represent a transitive group isomorphic with the group: x; = fi(x,a), then 
we realize immediately what follows: 

The equations: 


(22) Ol A igy.s5p) = CONSE, ncn Wil Gigs.) Sons: 


represent a decomposition of the r-times extended space aj,...,a; invariant by the 
group (20), and to be precise, a decomposition in oo” (r—m)-times extended mani- 
folds. But the group: 


(19) Ba = Aull. +,bmy b1,--+5r) (u=1---m) 


indicates in which way the oo” manifolds (22) are permuted with each other by the 
transformations of the simply transitive group (20). 

We therefore see that the group (19) can be derived from the simply transitive 
group: a, = (a,b) according to the rules of the preceding chapter (p./442]sq.). 

We can use this fact in order to decide under which conditions do we obtain two 
groups (19) similar to each other when we start from two different manifolds (16). 
Thanks to similar considerations, we realize that the following statement holds, of 
which Theorem 80 in Chap. [22] p.[45Iis only a special case, fundamentally: 


Theorem 86. Jf in the space x1,...,Xn, an r-term group: X,f,...,X;f is presented, 
if in addition, two manifolds M and M' are given, and if one executes all e" trans- 
formations of the group: X\f,...,X;f on each one of these two manifolds, then 
the individual manifolds of the two invariant families that one obtains in this way 
are transformed by two transitive groups isomorphic with the group: X,f,...,X;f 
which are similar to each other when and only when the following two conditions 
are satisfied: 

Firstly, the two manifolds M and M' must admit the same number of independent 
infinitesimal transformations of the form: e, Xf +--:+e,-X;-f, and: 

Secondly, it must be possible to relate the group: X\f,...,X;f to itself in a 
holoedrically isomorphic way so that, to every infinitesimal transformation which 
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fixes the one manifold, there corresponds an infinitesimal transformation which 
leaves invariant the other manifold. 


It goes without saying that this theorem remains also valid yet when one replaces 
the two manifolds by two figures. 


117. 


Specially worthy of note is the case where one has a manifold, or a figure, which 
admits absolutely no infinitesimal transformation of the G;: X,f,...,X;f. The 
group (19) isomorphic to G, then has the form: 


7 (ost) (k=1---r), 


it is simply transitive and hence holoedrically isomorphic with the G,fl 

We therefore have here a general method in order to set up the simply transitive 
groups that are equally composed with a given r-term group. 

The method applied in the preceding chapter, Proposition 1, page |439} is only a 
special case of the present more general method. Indeed at that time —as we can 
now express this — we used as a figure the totality of r different points of the Ry. 

When no special assumption is made about the position of these points, then 
the figure consisting of them can allow none of the infinitesimal transformations of 
the group X;,f. Since the group X;f certainly leaves invariant no point in general 
position, there can be in it at most r — 1 independent infinitesimal transformations 
which fix such a point; from these possible r — | infinitesimal transformations, one 
can linearly deduce again at most r — 2 independent infinitesimal transformations 
by which a second point in general position yet remains untouched, and so on; one 
realizes at the end that there is no infinitesimal transformation in the group by which 
r points in general position remain simultaneously invariant. 

Hence if we take a figure which consists of r points of this sort, and if we execute 
on them the oo” transformations of the group: X,f,...,X).f, then the figure takes oo” 
different positions, the totality of which remains invariant by the group. These oo” 
positions are transformed by a simply transitive group. 

If we really set up this simply transitive group, we obtain exactly the same group 
as the one obtained thanks to the method of the preceding chapter. 


118. 


It appears to be desirable to illustrate the general developments of the §§ 114 and 
116 by means of a specific example. However, we restrict ourselves here to giving 
indications, and we leave to the reader the effective execution of the concerned 
simple computations. 

The most general projective group of the plane which leaves invariant the nonde- 
generate conic section: x7 — 2y = 0 is three-term and contains the following three 
independent infinitesimal transformations: 


+ LIE, Gesellsch. d. W. zu Christiania, 1884. 
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fal 0 ra) 0 
xfer, Xof =x +2 
ie OF 


One sees immediately that this group —that we want to call G3 for short —is 
transitive and that its composition is determined through the relations: 


[X1, X>| = Ni7; [X1, X3| = Xof, [Xo, X3] = Naf. 


From this, it follows by taking account of Chap. Proposition 8, p. [272] that the 
G3 contains no two-term invariant subgroup; one convinces oneself that it does 
not contain either any one-term invariant subgroup. Consequently, the G3 is simple 
(Chap. [15] p. 273). 

Every tangent to the fixed conic section x* — 2y = 0 admits exactly two indepen- 
dent infinitesimal transformations of the group; besides, it can be proved that the 
tangents are the only curves of the plane which possess this property. In the same 
way, the conic sections which enter in contact [BERUHREN] in two points with the 
fixed conic section are the only curves which admit one and only one infinitesimal 
transformation of the G3; as a conic section which enters twice in contact, one must 
also certainly count every line of the plane which cuts [SCHNEIDET] the conic sec- 
tion in two separate points. Lastly, it is clear that every point not lying on the conic 
section admits one and only one infinitesimal transformation of the group. 

Now, if one chooses as manifold M an arbitrary other curve, hence a curve which 
admits absolutely no infinitesimal transformation of the G3, then by the group, this 
curve takes oo? different positions and the totality of these positions is obviously 
transformed by means of a three-term group. One therefore finds a simply transitive 
group of the R3 equally composed with the original G3. All groups that one obtains 
in this way are similar to each other; one amongst them is for instance the three-term 
group of all projective transformations of the R3 which leaves invariant a winding 
curve of third order. 

If one introduces as manifold M a conic section (irreducible or decomposable) 
entering in contact in two separate points [with the fixed conic section], then one 
obtains a group holoedrically isomorphic to the G3 in a twice-extended manifold; 
all groups obtained in this way are similar to each other. By contrast, if one uses 
as a manifold M a conic section having four points entering in contact [with the 
fixed conic section], one obtains a completely different type of three-term group of 
a twice-extended manifold. 

Lastly, if one introduces as manifold M a tangent to the fixed conic section, then 
one obtains a three-term group in a once-extended manifold which is similar to the 
general projective group of the straight line. 


119. 


Let a linear homogeneous group: 
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len Pp) 
Af = y apy XS (k=1---r) 
H,V xy 


of the R,, be presented. This group leaves invariant the family of the oo” planes M,,_ 
of the R,,: 
yj xy ae gay 1 = 0, 


We want to set up the group corresponding to it in the parameters 1,..., Un. 
According to § 111, the infinitesimal transformations: 


n Of 
Uf = conan 
fal L Vey (Uy u ion. 


of the sought group are to be determined so that the equation )) uy x, + 1 = 0 admits 
the infinitesimal transformation X;f + U;f. So, the r expressions: 


l---n l---n 
Ye Gkpvxpuv + Y xv vev 
UV v 


must vanish by means of Y\ uy xy + 1 = 0. This is possible only when they vanish 
identically, that is to say when vyy = — Vy Akvy Uy. 


We therefore find: 
Len af 
Uv uy 


Consequently, the group U;f is linear homogeneous too; we know from the begin- 
ning that it is isomorphic with the group X;f. 


We call the group: U,f,...,U,f the group dualistic [DUALISTISCcH] to the group: 


Xif,...,Xrf. 
In order to give an example, we want to look up at the group dualistic to the 
adjoint group of an r-term group having the composition: 


be Y;| = »; CNet. 
s=l 
The adjoint group reads (cf. p.[283): 
iks €i >— k=1--r), 
L Ciks @ ae. ( ) 


whence the group dualistic to it readgi| 


+ LIE, Math. Ann. Vol. XVI, p. 496, cf. also Archiv for Mathematik, Vol. 1, Christiania 1876. 
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leer 
y cuts eat 


1 


where the relation: cjx; = —Cxis 1S used. 

Similar considerations can actually be made for all projective groups of the Rp, 
since they all leave invariant the family of the ” straight, (n — 1)-times extended 
manifolds of the R,. However, we do not want to enter these considerations, and 
rather, we refer to the next volume in which the concept of duality [DUALITAT] is 
considered under a more general point of view, namely as a special case of the 
general concept of contact transformation [BERUHRUNGSTRANSFORMATION]. 


120. 


Finally, we yet want to consider an important example of a more general nature. 

We assume that we know all g-term subgroups of the G;: X,f,...,X;f. Then the 
question is still to decide what are the different types of such g-term subgroups. 

In Chap. p. we already have explained the concept of “types of sub- 
groups”; according to that, we reckon two g-term subgroups as belonging to the 
same type when they are conjugate to each other inside the G;; of all subgroups 
which belong to the same type, we therefore need only to indicate a single one, and 
in addition, all these subgroups are perfectly determined by this only one. 

We know that every subgroup of the group: Xf, ...,X,f is represented by a series 
of linear homogeneous relations between the parameters: e1,...,e, of the general in- 
finitesimal transformation: e; Xf +---+e,X,f (cf. Chap.[12] p.[219). Moreover, we 
know that two subgroups are conjugate to each other inside the group: X1f,...,X-f 
if and only if the system of equations between the e which represents the one sub- 
group can be transferred, by means of a transformation of the adjoint group, to the 
system of equations which represents the other subgroup (Chap. [16] p.[288). 

Now according to our assumption, we know all g-term subgroups of the G,, hence 
we know all systems of r — g independent linear homogeneous equations between 
the e: 


y hyjej =90 (k=1--r—q) 
j=l 


which represent g-term subgroups. 

For reasons of simplicity, amongst all these systems of equations, we want to 
take those which can be resolved with respect to @g11,...,é,, hence which can be 
brought to the form: 


Cgtk = 8qt+k101 + *** + 8g+k,.g eq 


23) 
(K=1-7=4); 


we leave the remaining ones which cannot be brought to this form, because they 
could naturally be treated in exactly the same way as those of the form (23). 
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All systems of values g,,,,; which, when inserted in (23), provide q-term sub- 
groups are defined by means of certain equations between the g4+,, ;; however in 
general, it is not possible to represent all these systems of values by means of a 
single system of equations between the g, and rather, a discrete number of such sys- 
tems of equations will be necessary if one wants to have all g-term subgroups which 
are contained in the form (23). Naturally, two different systems of equations of this 
sort then provide nothing but different types of g-term subgroups. 

We restrict ourselves to an arbitrary system of equations amongst the concerned 
systems of equations, say the following one: 


(24) Qu (8941,1) Bqat1,23 -++s Brg) =0 (u=1,2-), 


and we now want to see what types of g-term subgroups does this system determine. 
The equations (23) determine, when the g,,;, ; are completely arbitrary, the family 
of all straight g-times extended manifolds of the space e;,...,e- which pass through 
the point: e; = 0, ..., e- = 0. Of course, this family of manifolds remains invariant 
by the adjoint group: 


(25) = y Pkj(@1,-+-,Ar) ej (k=1+-r) 


of the group: X,f,...,X,. Hence, if we execute the transformation (25) on the sys- 
tem of equations (23), we obtain a system of equations in the e’ of the corresponding 
form: 


q 
po ! ! 
Cork = Ly Bark, j&i asic 
jal 


where the g’ are linear homogeneous functions of the g with coefficients which 
depend upon the a: 


mq 4 
2 876k § - x », Okjuv(A1,---,4r) Sgtp,v 
( 6) u=1 v=1 


According to p.[474]sq., the equations (26) determine a group in the variables g. 
The system of equations (24) remains invariant by this group, because every system 
of values g,,,,; which provides a subgroup is naturally transferred to a system of 
values 8% ies which determines a subgroup; but since the group (26) is continuous, 
it leaves individually invariant all discrete regions of systems of values g,,; of this 
sort, hence in particular also the system of equations: 


(24) (Badd Ayovae Brg) =0 (u=1,2--). 
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Now, the question is how the systems of values (24) are transformed by the 
group (26), and whether every system of values can be transferred to every other, 
or not. 

This question receives a graphic sense when we imagine that the g,,;, ; are point 
coordinates in a space of g(r —q) dimensions. Indeed, the equations (24) then rep- 
resent a certain manifold in this space which remains invariant by the group (26). 
Each point of the manifold belongs to a certain smallest invariant subsidiary domain 
of the manifold and the points of such a subsidiary domain represent nothing but 
conjugate g-term subgroups of the G,, and to be precise, all the g-term subgroups 
of the G; which belong to one and the same type. 

Besides, one must draw attention on the fact that only the points gj, ; of such 
a smallest invariant subsidiary domain that belong in turn to no smaller invariant 
subsidiary domain are to be counted, because it is only when one delimits the sub- 
sidiary domain in this way that each one of its points can be transferred to any other 
point by means of a nondegenerate transformation of the group (26). 

Hence, if one wants to determine all types of g-term subgroups which are con- 
tained in the system of equations (24), then one only has to look up at all smallest 
invariant subsidiary domains of the manifold Q,, = 0. Every such subsidiary domain 
determines all subgroups which belong to the same type, and an arbitrary point of 
the subsidiary domain provides a group which can be chosen as a representative of 
the concerned type. 

Besides, in order to be able to determine the discussed invariant subsidiary do- 
mains, one does not at all need to assume that the finite equations (25) of the adjoint 
group are known; it suffices that one has the infinitesimal transformations of this 
group, because one can then immediately indicate the infinitesimal transformations 
of the group (26) and afterwards, following the rules of Chap.[14] one can determine 
the desired invariant subsidiary domains; in the case present here, this determination 
requires only executable operations. 

One observes that the preceding developments remain also applicable when one 
knows not an r-term group, but only a possible composition of such a group, hence 
a system of cjx; which satisfies the known relations: 


Ciks + Ckis = 9 
. 
Y. {ciey evjs + Chiv Cvis + Cjiv Cvks } = 0 
v=l 
(i,k, j,s=1--r). 


If the G,: X f,...,X;f 1s invariant in a larger group ©, then the question 1s often 
whether two subgroups of the G, are conjugate in this larger group 6,, or not. In 
this case, one can also define differently the concept of “type of subgroup of the 
G,”, by reckoning two subgroups of the G, as being distinct only when they are not 
conjugate to each other also in the 6. 
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If one wants to determine all types, in this sense, of subgroups of the G,, then 
this task presents no special difficulty. Indeed, the problem in question is obviously 
a part of the more general problem of determining all types of subgroups of the 6, 
when the word “type” is understood in the sense of Chap. [16] p.[289] 

This study is particularly important when the group © is actually the largest sub- 
group of the R,, in which the G;: X,f,...,X;-f 1s invariant. 


Chapter 24 
Systatic and Asystatic Transformation Groups 


In the s-times extended space x1,...,X;s, let an r-term group: 
S of 
Xef =) Sti(x1,-.-5%n) =— tos 
i=l OX; 


or shortly G,, be presented. Of the r infinitesimal transformations X,f,...,X-f, 
let there be precisely n, say: X1f,...,Xnf, which are linked together by no linear 
relation, while by contrast X;+1f,...,X;f can be expressed as follows: 


(1) Xn jf = Y Pjv(a1,---%n) Xvf (j=1--r—n). 
v=1 


Now, if a ne a is a point for which not all n x n determinants of the matrix: 
G11 (x) - > Sis(x) 


Baia) - - Exs(2) 


vanish, then according to Chap. [LI p. there are in the G, exactly r —n inde- 
pendent infinitesimal transformations whose power series expansions with respect 
to the x; —x? contain no term of zeroth order, but only terms of first order or of higher 
order; the point ote ...,x9 therefore admits exactly r—n independent infinitesimal 
transformations of the G,; which generate an (r —7)-term subgroup G,;_,, of the G; 
(cf. Chap. [12] p.[214). The infinitesimal transformations of this G,_, can, according 
to p. be linearly deduced from the r — n independent transformations: 


(2) 


n 
Xnigt — > Wag ice, Noe (j=l~-r-n). 
v=1 


In the sequel, we want to briefly call a point oe ...,x9 for which not all nxn 
determinants of the matrix (2) vanish, a point in general position. 
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According to the above, to every point a ...,x9 in general position is associated a 
completely determined (r —7n)-term subgroup of the G,, namely the most general 
subgroup of the G,; by which it remains invariant. 

If we let the point x° change its position, we receive a new (r—n)-term subgroup 
of the G,, and since there are o* different points, we receive in total oo subgroups 
of this sort; however, it is not said that we obtain o* different subgroups. 

If for example r = n, then the discussed oo* subgroups coincide all, namely they 
reduce all to the identity transformation, since the G, contains absolutely no in- 
finitesimal transformation which leaves at rest a point x° in general position. 

But disregarding also this special case, it can happen that to the * points of 
the space x1,...,X,5, only oo’! or less, different groups of the said constitution are 
associated; evidently, this will always occur in any case when there is a continuous 
family of individual points which simultaneously keep their positions by the (r —n)- 
term subgroup. 

At present, we want to look up at the analytic conditions under which such a 
phenomenon occurs. At first, we take up the question: when do two points in general 
position remain invariant by the same (r—)-term subgroup of the G,? 

The answer to this question has a great similarity with the considerations in 
Chap. [19] p. B65]sq. 

Let the one point be x ote ae and let us call G,_, the associated (r —n)-term 
subgroup of the G;; then the general infinitesimal transformation of the G,_, reads: 


r—n 


>. ej (Xf > ob Kel) 
j=l v=1 


where it is understood that the € are arbitrary parameters. 
Let the other point be: X,,...,Xs, and let the general infinitesimal transformation 
of the subgroup G,_,, associated to it then be: 


» &j (Xt - y Biv Xvf : 
j=l v=1 


Now, if the two points are supposed to remain invariant by the same (r —7)-term 
subgroup, then G,_, and G,_» do coincide; for this, it is necessary and sufficient 
that all infinitesimal transformations of the one belong to those of the other group, 
and conversely; when expressed analytically, one must be able to satisfy identically 
the equation: 


r—-n 


yg; {Xusif —~Y) oy Xvf \ =e; {Kaif — ) PivXvf \ 
j=1 v=1 v=1 


i= 
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for arbitrarily chosen € thanks to suitable values of the €, and also for arbitrarily 
chosen € thanks to suitable values of the €. 
The latter equation can also be written: 


Y (e;-F) Xnjf- ¥ ¥ (eo - Fj) Py) Xvf =0, 
j=l v=1 j=1 


hence, because of the independence of the infinitesimal transformations X1f,..., Xf, 
if can hold only if €; = €;; in addition, since the €; are absolutely arbitrary, we 
obtain: 


Fe Gee sae a) = Pv (*1, asic Ke) (j=1--r—n; V=1--n). 


Consequently, the two (r —n)-term subgroups of the G, which are associated to 
two distinct points in general position are identical with each other if and only if 
each one of the n(r — 7) functions @jy takes the same numerical values for the one 
point as for the other point. 

Hence, if we want to know all points in general position which, under the group 
G;—n, keep their positions simultaneously with the point rat ...,x9, then we only 
have to determine all systems of values x which satisfy the equations: 


(3) Pjv(X1,-- ge) — @, (j=l r—n; v=l1--n)3 


every such system of values provides a point having the constitution demanded. 

Here, two cases have to be distinguished. 

Firstly the number of mutually independent functions amongst the n(r — 7) func- 
tions @zy(x) can be equal to s exactly. In this case, the (r—n)-term subgroup G,_p 
which fixes the point: x?,...,x2 leaves untouched yet at most a discrete number of 
points in general position. 

Secondly the number of independent functions amongst the @zy(x) can be smaller 
than s. In this case, there is a continuous manifold of points in general position 
which remain all invariant by the group G;_,; to every point of the manifold in 
question is then associated the same (r —)-term subgroup of the G, as to the point 
a ..., x2, At the same time, the point x ...,x9 evidently lies inside the manifold, 
that is to say: there are, in the manifold, also points that are infinitely close to the 
point: be er 

We assume that the second case happens, so that amongst the n(r— 17) functions 
Qxy(x), there are only s—p <-s that are mutually independent, and we may call 
them @)(x),..., Ps—p(x). 

Under this assumption, all jy (x) can be expressed by means of @(x),..., Ps—p (x) 
alone, and the equations (3) can be replaced by the s—p mutually independent 
equations: 


QO) Diy.) = i (x?,...,x2), aS Pym ppl Mg cee Oy-5 Or coves 
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We therefore see that to every generally located point: roe ...,X° of the space is as- 

sociated a completely determined p-times extended manifold (3’) which is formed 

of the totality of all points to which is associated the same (r — n)-term subgroup of 

the group: X,f,...,X;f as to the point: coe sedge 
It is possible that the equations: 


Qjv(X1,---,Xs) = Pjv(xt,... 2) (j=1--r—-n; V=1--n) 


represent, for every system of values x, ...,x2, a manifold which decomposes in a discrete number 
of different manifolds. 
An example is provided by the three-term group: 


1 of 


~ COSX2 OX’ 


of of 
Xif= On" Xof X3f =tanx2 Ox: 


Here, we have: 
X3f = sinx2 Xof, 


while X, f and Xf are linked by no linear relation. So, if one fixes the point cr cae all points whose 
coordinates x1, x2 satisfy the equation: 


sinx2 = sinx} 


also remain fixed, that is to say: simultaneously with the point a, a, every point which lies in one 
of the infinitely many lines: 
x= a +2k0 


parallel to the x,-axis keeps its position, where it is understood that k is an arbitrary, positive or 
negative, entire number. 


Since, under the assumption made above, the group: X,f,...,X;f associates to 
every point: 2 eee a p-times extended manifold passing through it, then the 


whole space x1,...,x; obviously decomposes in a family of co*? p-times extended 
manifolds: 
(4) Dil Hijgascy Me) SCONE g cacy Drop i yann4%) = Const, 


and to be precise, in such a way that all transformations of the group which fix an 
arbitrarily chosen point in general position do leave at rest all points of the mani- 
fold (4) that passes through this point. 

Certainly, it is to be remarked here that one can speak of a real decomposition of 
the space only when the number p is smaller than s; if 9 = s, no real decomposition 
of the space occurs, since every transformation of our group which fixes a point in 
general position actually leaves invariant all points of the space; in other words: the 
identity transformation is the only transformation of the group which leaves at rest 
a point in general position. 

The preceding considerations give an occasion for an important division 
[EINTHEILUNG] Of all r-term groups X1f,...,X;,f of the space x;,...,x;, and to be 
precise, for a division in two different classes. 
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If a group of the space x,,...,Xs is constituted in such a way that all its trans- 
formations which leave invariant a point in general position do simultaneously fix 
all points of a continuous manifold passing through this point, then we reckon this 
group as belonging to the one class and we call them systatic [sySTATISCH]. But we 
reckon all the remaining groups, hence those which are not systatic, as belonging 
to the other class, and we call them asystatic [ASYSTATISCH] 


Using this terminology, we can express the gained result in the following way: 


Theorem 87. /f the independent infinitesimal transformations X,f,...,X;f of an r- 
term group in s variables x\,...,Xs are linked together by r —n linear relations of 
the form: 


Xnskf = Y Orv (a1, ---5%s) Xvf (k=1--r—n), 
v=1 


while between X,f,...,Xnf alone no relation of this sort holds, then the group is 
systatic when amongst the n(r —n) functions @gy(x1,.-..,Xs), there are less than s 
that are mutually independent; by contrast, if amongst the functions Qgy(x1,.--,Xs), 
there are s functions that are mutually independent, then the group is asystatic. 


122. 


We want to maintain all the assumptions that we have made in the introduction of the 
chapter about the r-term group: X,f,...,X;f of the space x,,...,xs, and at present, 
we only want to add yet the assumption that the group is supposed to be systatic. 
Thus, we assume that, amongst the n(r—n) functions Qyy(x1,...,X5), only 0 < s — 
p <sare mutually independent, and as above, we may call them @ (x), ...,@s—p(x). 

We consider at first the case where the number s — p has the value zero. 

If the number s — p vanishes, then n is obviously equal to r, that is to say the 
r independent infinitesimal transformations: X,f,...,X,f are linked together by no 
linear relation of the form: 


Xi (41,--- Xs) Xf +--+ Hr (41,--- Xs) Xf = 0. 


From this, it results that the number r is in any case not larger than the number s of 
the variables x, hence that the group: X,f,...,X;f is either intransitive, or at most 
simply transitive. Hence in the two cases, the group: X; f,...,X;f is imprimitive (cf. 
Chap. [13] p.[229]and Chap. [20] Proposition 6, p.[B90] 

So we see that the systatic group: X;f,...,X,f is always imprimitive when the 
entire number s — p has the value zero. 

We now turn ourselves to the case s— p > 0. 

In this case, the equations: 


+ The concepts of systatic and asystatic groups, and the theory of these groups as well, stem from LIE (Ges. d. W. 
zu Christiania 1884, Archiv for Math. Vol. 10, Christiania 1885). The expressive terminologies: systatic “with leaving 
fixed” [MITSTEHENDLASSEND] and asystatic “without leaving fixed” [NICHTMITSTEHENDLASSEND] are 
from ENGEL. As for the rest, the terminology characteristic of the present work was introduced by LIE. 
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provide a real decomposition of the space x;,...,Xs in co’ ? p-times extended man- 
ifolds, and in fact, as we have seen above, a decomposition which is completely 
determined by the group: X,f,...,X;f and which stands in a completely character- 
istic relationship to this group. We are very close to presume that this decomposition 
remains invariant by the group: X)/f,...,X,; from this, it would then follow that 
the systatic group: X,f,...,X;f is imprimitive also in the case s—p > 0 (Chap. 
p. 228). 

On can very easily see that the presumption expressed just now corresponds to 
the truth. In fact, according to Chap [19] p.B52Isq., the r(s — p) expressions: X; Q}, 
...,X%Qs—p can be expressed as functions of @),...,@s—p alone: 


X Pj = T(P1,---; Ps—p) (k=Ler; j=1--s—p). 


In this (cf. Chap. [8] p. and lies the reason why the decomposition (4) 
admits the r infinitesimal transformations X;f, and therefore actually, the complete 
proup: X;f,...,X,f. 

The developments just carried out prove that a systatic group of the space 
X1,...,Xs 18 always imprimitive. We therefore have the 


Theorem 88. Every systatic group is imprimitive. 


It is not superfluous to establish, also by means of conceptual considerations, that 
in the case s— p > 0, the decomposition (4) remains invariant by the systatic group: 
Xf seay Rel 

Let us denote by M an arbitrary manifold amongst the o*? p-times extended 
manifolds (4), let P be the general symbol of a point of the manifold M, let S be the 
general symbol of the oo’ ~” transformations of our group which leave untouched all 
the points of M, and lastly, let us understand by 7 an arbitrary transformation of our 
group. 

If we execute the transformation T on M, we obtain a certain p-times extended 
manifold M’, the o? points P’ of which are defined by the equation: 


(P’) = (P)T. 


Now, since every point P remains invariant by all oo”~” transformations S of our 
group, it is clear that every point P’ keeps its position by the co”~” transformations 
T~! ST, which belong as well to our group. From this, it results that M’ also belongs 
to the oo* P manifolds (4); consequently, it is proved that the oo*~? manifolds (4) 
are permuted with each other by every transformation of the group: X,f,...,X-f, 
so that the decomposition (4) effectively remains invariant by our group. 

Since according to Theorem 88, every systatic group is imprimitive, every primi- 
tive group must be asystatic, inversely. But there are also imprimitive groups which 
are asystatic, for instance the four-term group: 
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ag: | OF EY; ay 
Ox’ oy’ * Oy’ yoy 


of the plane x, y. This group is imprimitive, since it leaves invariant the family of 
straight lines: x = const., but it is at the same time asystatic, because from the two 
identities: 


it becomes clear that the functions @y associated to the group are nothing but x 
and y themselves; but they are obviously independent of each other. The three-term 
intransitive group: 


ay’ ay’ y ay 
shows that there are even intransitive asystatic groups. 
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If one knows r independent infinitesimal transformations: X,f,...,X;f of an r-term 
group of the space x;,...,xs, then according to Theorem 87, p. one can easily 
decide whether the concerned group is systatic or not. 

For this purpose, one forms the matrix: 


E11(x) > + S1s(x) 
Er1 (x) : Ers(x) 


and one studies its determinants. If all the (n+ 1) x (n+ 1) determinants vanish 
identically, but not all n x n determinants, and in particular, not all n x n deter- 
minants that can be formed with the topmost n rows of the matrix, then there are 
identities of the form: 


(1) Xnsef = Yo Prev (a1, -- 5s) Xvf (k=1--r—n), 
v=1 


while X,f,...,X,' are linked together by no linear relation. If one has set up the 
identities (1), then one determines the number of independent functions amongst 
the n(r—n) functions @gy(x1,---, Xs). 

However, in order to be able to decide whether a determined r-term group is 
systatic or not, one needs absolutely not to know the finite expressions for the in- 
finitesimal transformations of the group, and rather, it suffices that one knows the 
defining equations of the group. This sufficiency is based on the fact that, as soon as 
the defining equations of the group are presented, one can always indicate an unre- 
stricted integrable system of total differential equations, the only integral functions 
of which are just the @j,(x) and the functions of them. Indeed, from this it clearly 
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turns out that one can determine the number of independent functions amongst the 
Oxy (x) without knowing the @gy (x) themselves. 

At present, we will derive this important result. 

The independent equations amongst the equations: 


i=1 Xi 


(5) APky = y 206013) dx; =0 (k= 1 rns V=17) 


form an unrestricted integrable system of total differential equations, the only inte- 
gral functions of which are the @;,(x), and the functions of them (cf. Chap.[5) p.(102] 
sq.). We start from this system of total differential equations. 

Because of (1), we have identically: 


n 
Cet pr y Piv vi =0 (j=l--r—n; i=1--s), 
v=1 

whence it comes by differentiation: 

n n 

dénsji- >, Givdbvi= V Evid@yy, 
v=1 v=1 

or, since according to the assumption, not all n x n determinants of the matrix: 

Gilt) > * Gis) 

Eri (x) > + Srs(x) 


vanish, it yet comes: 


dQjn = Y Xni(m,---5%s) {ant -y wd} 
i=l v=1 


(j=1--r-n; W=1--n). 


From this, it follows that the system of the total differential equations (5) can be 
replaced by the following one: 


. 7] n+j,t a 7] I 
(6) ys {Seals y 0 5 bade =0 (j=1--r—n; i=l--s). 


v=1 


Of course, the independent equations amongst the equations (6) form an unrestricted 
integrable system of total differential equations, the integral functions of which are 
just the @j)(x), and the functions of them. 

However, it is not possible now to set up the individual equations (6) when one 
only knows the defining equations of the group: X, f,...,X;f; by contrast, it is pos- 
sible to replace the system of equations (6) by another system which, aside from the 
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dxz, contains only the coefficients of the defining equations. We arrive at this in the 
following way. 

By Xs ...,x, we understand a point in general position. According to p. the 
most general infinitesimal transformation: e; X; f +---+e,-X;f whose power series 
expansion with respect to the x; — a contains only terms of first order or of higher 


order has the shape: 


r—n 


yy ej (Xnit- >: Oe(dhs al) Xf) 
j=l v=l 


where it is understood that the ¢; are arbitrary parameters. But when we really ex- 
ecute the power series expansion with respect to the x; — x and when at the same 
time we take into account only the terms of first order, this expression receives the 
form: 


> BoE EA] Eo sel Se a 


But we can compute the terms of first order in the expression (7) from the defining 
equations of the group, and to be precise, without integration. Indeed, according to 
Chap. p. sq., the most general infinitesimal transformation whose power 
series expansion with respect to the x; — x? contains only terms of first order or of 
higher order has the form: 


where a certain number of the s* quantities g’., which we denoted by €; — vj at that 
time were arbitrary, while the s? — €; + v, remaining ones were linear homogeneous 
functions of these €; — vj quantities with coefficients which could be computed 
immediately from the defining equations. We therefore obtain, when we start from 
the defining equations, the following representation for the expression (7): 


€1—-V] ra 0 
(7°) a: Dy Ojni( Mis on] x°) (x Xq yo 4. a) 


jJ=1 


where the el, denote arbitrary eee while the jzi(x °) are completely deter- 


mined atialytic functions of the x° which can, as said above, be computed from the 
defining equations. 

Because (7) and (7’) are only different representations of the same infinitesimal 
transformation, the factors of (xz —x?.) 0 f/Ax; in the two expressions must be equal 
to each other, that is to say, there are the following s? relations: 
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a eT 
ej = se Pjv(x ) Pap 0 => e) Ojni(x ) (i, m=1--5). 
v=l X=x j=l 


For arbitrarily chosen ej, one must ie be able to satisfy these eas thanks to 
suitable choices of the values of the e’, ; and for arbitrarily chosen e’., always thanks 
to suitable choices of the values of the e. 

All of this holds for every point coe ...,x9 in general position; hence this also 
holds true when we consider the x° as variables and when we substitute them by 
X1,..-,X,. Consequently, when we have chosen the e in completely arbitrary way as 
functions of the x, we can always determine the e’ as functions of the x in such a 
way that the equations: 


r—n P) er n Ps 
a OEntii y Pjv(x) oe - ’. j Ojni(x 
Oxn v=l 


(7?) = 

(i, t=1-"s) 
are identically satisfied, and when we have chosen the e’ in completely arbitrary 
way as functions of the x, we can always satisfy (7”) identically thanks to suitable 


functions ¢1,..., €-—» of the x. 
Now, one can obviously replace the equations (6) by the following s equations: 


r—n 0 ) F n a ; 
(6’) d ej s , me -y ow Gee bare =0 (i=1-s), 


v=1 


provided only that one regards the e as arbitrary functions of the x in them. Hence 
from what has been said above, it follows that the totality of all equations (6) is 
equivalent to the totality of all equations of the form: 


e, y Ojni(X1,..-,Xs)dxq = 0 (i=1-+5), 


in which the e’ are to be interpreted as arbitrary functions of the x. Lastly, the latter 
equations can evidently be replaced by the (€; — v, )s equations: 


Ss 


(8) Zo ji (X1,...,%5)dxq_ =0 (j=1---€ Vy; i=1+--5). 


With these words, it is proved that the two systems of total differential equa- 
tions: (6) and (8) are equivalent to each other; thus, it results that the independent 
equations amongst the equations (8) form an unrestricted integrable system of to- 
tal differential equations, and to be precise, a system, the only integral functions of 
which are the @,(x) and the functions of them. 

We can therefore say: 
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Theorem 89. /f the defining equations of an r-term group of the space x1,...,Xs are 
presented, then one decides in the following way whether the concerned group is 
systatic or not: 

One understands by oe ...,x9 an arbitrary point in the neighbourhood of which 
the coefficients of the resolved defining equations behave regularly and one deter- 
mines the terms of zeroth order and of first order in the power series expansion of 
the general infinitesimal transformation of the group with respect to the powers of 
x1 —x?, ..., Xs — x9. Afterwards, one searches for the terms of first order in the most 
general infinitesimal transformation of the group which contains no term of zeroth 
order. These terms will have the form: 


€|—Vi 


2 GF y Ojni(X1)+++5Xs) (Xx — Xn) 5 
j=l in xi 


where the el, denote arbitrary parameters, while the Ot jni(x°) are completely deter- 
mined analytic functions of the x° and can be computed without integration from 
the coefficients of the defining equations. Now, one forms the system of the total 
differential equations: 


s 
(8) y Ojai(H1,... 5X5) dxq = 0 (j=1--€) —Vy3 i=1--5) 
m=] 


and one determines the number s — p of the independent equations amongst these 
equations. If s — p <s, then the group is systatic, but if s— p = s, the group is 
asystatic i 


We can add: 


Proposition 1. The s — p mutually independent equations amongst the differential 
equations (8) form an unrestricted integrable system with s — p independent inte- 
gral functions: Q,(x),..-,Ps—p(x). These integral functions stand in the following 
relationship to the group: X\f,...,X+f: 

If, amongst the r independent infinitesimal transformations: X,f,...,X;f there 
are exactly n, say X\f,...,Xnf, that are linked together by no linear relation, while 
Xn+if,.--,Xrf can be expressed linearly in terms of X,f,...,Xnf: 


Xnkf = > Prev (1, --- Xs) Xvf (k=1--r—n), 
v=l 
then all n(r—n) functions Qyy(x) can be expressed in terms of Q\(X),---, Ps—p(X) 


alone. 


One even does not need to know the defining equations themselves in order to 
be able to decide whether a determined group is systatic or not. For this, one only 


+ LIE, Archiv for Math., Vol. 10, Christiania 1885. 
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needs to know the initial terms in the power series expansions of the infinitesimal 
transformations of the group in the neighbourhood of an individual point: ae snags 


in general position. Indeed, if one knows these initial terms, one can obviously 


compute the numerical values Oni that the functions jz; (x) take for x; = ce Ae 
x; = x°. The number s— defined above then is nothing but the number of the 
mutually independent equations amongst the linear equations in the dx1,...,d xs: 
Ss 
» inj Xz = 0 (j=1--€) —Vy3 i=1--5). 
t=1 


The system of the total differential equations has a very simple conceptual mean- 
ing. Indeed, as one easily realizes directly, it defines all the points: xj +dx1,..., 
X;-+dx; infinitely close to the point x1,...,xs that remain invariant by all transfor- 
mations of our group which leave at rest the point x;,...,x;. Here lies the inner 
reason [INNERE GRUND] why the @,(x) and the functions of them are the only inte- 
gral functions of the system (6) or (8), because indeed, the equations: 


Orv (V1, oe sia Ve) = Orv (x1, a seihees (k=1--r—n; v=1--n) 


define all points y;,...,ys which remain invariant simultaneously with the point 
X15-++5Xsz- 


124. 


We have found that the r-term group: X)f,...,X;f of the space x,...,Xs 1S asystatic 
or is systatic according to whether there are exactly s, or less than s, mutually inde- 
pendent functions amongst the functions @jy(x1,...,xs) defined on p.B4I]and[501] 
Now, according to Chap. Theorem 67, p. there always is an infinitesimal 
transformation Zf which is interchangeable with all X;,f when, and only when, 
the number of independent functions amongst the @jy(x) is smaller than s. Conse- 
quently, we can also say: 


Proposition 2. The r-term group: X\f,...,X;f of the space x1,...,Xs is systatic if 
and only if there is an infinitesimal transformation Zf which is interchangeable with 
all Xf; if there is no such infinitesimal transformation, the group: X,f,...,Xrf is 
asystatic i 


Since the excellent infinitesimal transformations of a group are interchangeable 
with all the other infinitesimal transformations of the group, we have in addition: 


Proposition 3. Every group which contains one or several excellent infinitesimal 
transformations is systatic. 


Thus for such groups, one realizes already from the composition that they are 
systatic. 


+ LIE, Archiv for Math., Vol. 10, p. 377, Christiania 1885. 
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Finally, if we remember that the adjoint group of a group without excellent in- 
finitesimal transformation contains r essential parameters (cf. Theorem 49, p.|285), 
we see that the following proposition holds: 


Proposition 4. The adjoint group of an asystatic group is always r-term. 


Proposition 2 and Proposition 4 are the generalizations of the Propositions 1 and 2 
of the Chap. [16] (p. announced at that time. 

Already from the developments of the Chap. |[20]we could have taken as an oppor- 
tunity a division of all groups in two classes; in the first class, we had reckoned every 
r-term group: X;f,...,X, for which there is at least one infinitesimal transforma- 
tion interchangeable with all X;,f, and in the other class, all the remaining groups. 
According to what was said above, it is clear that this division would coincide with 
our present division of the groups in systatic and asystatic groups; the first class 
would consist of all systatic group, and the second class, of all asystatic groups. In 
what follows, we want to explain this fact by means of conceptual considerations 
and at the same time, we want to derive new important results. 

Let © be a transformation which is interchangeable with all transformations of 
a given r-term group: X,f,...,X;f of the space x,,...,xs, and moreover, let S be 
the general symbol of the transformations of the group: X,f,...,X;f which leave 
invariant an arbitrary, generally positioned point P of the space x1,..., Xs. 

If, P is transferred to the point P; by the execution of the transformation 0, 
then obviously, @~'S5@ is the general symbol of all transformations of the group: 
X\f,...,X;f which leave invariant the point P,. But now, since © is interchange- 
able with all transformations of the group: X,f,...,X;f, then the totality of all 
transformations @~!S@ is identical to the totality of all transformations S, hence 
we see that all transformations of the group: X,f,...,X; which fix the point P do 
also leave at rest the point P,. 

We now apply this to the case where there is a continuous family of trans- 
formations © which are interchangeable with all transformations of the group: 
Mf case 

Since P is a point in general position, then by the execution of the transforma- 
tions ©, it takes a continuous series of different positions. But as we have seen just 
now, each one of these positions remains invariant by all transformations S, and 
consequently, the group: X,f,...,X;f is systatic. 


As a result, it is proved that the r-term group: X,f,...,X,f of the space x1,..., Xs 
is in any case systatic when there is an infinitesimal transformation Zf interchange- 
able with all X;f. It yet remains to show that the converse also holds true, namely 
that for every systatic group: X,f,...,X,, one can indicate a continuous family of 
transformations which are interchangeable with all transformations X,f,...,X;f. 

Thus, we imagine that a systatic r-term group: X,f,...,X;,f of the space x1,...,xs 
is given. We will indicate a construction that provides infinitely many transforma- 
tions which are interchangeable with all transformations of this group. 
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Every transformation © which is interchangeable with all transformations of the 
group: X,f,...,X;f transfers every point P of the space to a point P; which admits 
exactly the same transformations of the group as the point P; this is what we showed 
above. Hence, we choose two arbitrary points P and P, which admit the same trans- 
formations of our group, and we attempt to determine a transformation © which is 
interchangeable with all transformations of our group and which in addition trans- 
fers P to P. 

Let P’ be a point to which P can be transferred by means of a transformation T 
of the group: X;f,...,X,f; furthermore, let, as earlier on, S be the general symbol 
of all transformations of this group which leave invariant P and hence P; too. Then 
(Chap. [14] Proposition 1, p.[234), ST is the general symbol of all transformations 
of our group which transfer P to P’. Obviously, P; takes the same position by all 
these transformations $7, for one indeed has: 


(P|) ST = (P1)T. 


At present, by assuming the existence of one transformation @ having the con- 
stitution just demanded, we can easily see that every point P’ = (P)T receives a 
completely determined new position by all possible ©; indeed, this follows imme- 
diately from the equations: 


(P'\O = (P)TO =(P)OT =(A,)T. 


Hence if T is an arbitrary transformation of our group, then by every transformation 
© which actually exists, the point (P)T takes the new position (P,)T. 

We add that we obtain in this way no overdetermination [UBERBESTIMMUNG] of 
the new position of the point P’. Indeed, if we replace in the latter equations the 
transformation T by an arbitrary other transformation of the group: X1f,...,X-f 
which transfers in the same way P to P’, hence if write ST in place of T, then it 
comes again: 


(P’)@ = (P)ST © = (P)OST =(P,)ST =(P,)T. 


We consider at first the special case where the systatic group: X;f,...,X;f is 
transitive. 

When the group: X,/f,...,X;f 1s transitive, by a suitable choice of 7, the point 
(P)T can be brought to coincidence with every other point (P,) 7 of the space; 
hence, if we associate to every point (P) T of the space the point (P; ) T, a completely 
determined transformation @’ is defined in this way. If we yet succeed to prove that 
@’ is interchangeable with all transformations of our group, then it is clear that 0’ 
possesses all properties which we have required of the transformation ©, and that 
@’ is the only transformation © which actually exists. 

The fact that @’ is really interchangeable with all transformations of our group 
can be easily proved. Indeed, we have: 
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(P\TO'=(P)T=(P)e'T, 


where 7 means a completely arbitrary transformation of our group. Hence if we un- 
derstand in the same way by T a completely arbitrary transformation of our group, 
we obtain: 

(P)TTO'=(P)O'TT =(P)TO'T, 


and therefore, the transformation: T@/T~!@/~! leaves invariant the point (P)T, 
that is to say, every point of the space. From this, it follows that T@’T—!0’ ae 
is the identity transformation, that is to say: O’ is really interchangeable with all 
transformations of our group. 

Thus, when the systatic group: X1f,...,X;,f is transitive, to every pair of points P, 
P; having the constitution defined above there corresponds one and only one trans- 
formation interchangeable with all transformations of the group. If one chooses the 
pair of points in all possible ways, one obtains infinitely many such transforma- 
tions, and it is easy to determine how many: In any case, when oo? different points 
remain untouched by all transformations of the group which leave invariant an arbi- 
trarily chosen point, then there are exactly oo? different transformations which are 
interchangeable with all transformations of the group: X)f,...,X;f. This is coher- 
ent with Theorem 67, p. for because of the assumption made above, amongst 
the n(r —n) functions @;y(x), there are exactly s—p that are mutually independent, 
hence there are exactly p independent infinitesimal transformations Z)f,...,Zp f 
which are interchangeable with all X;f. 

We can therefore state the following proposition: 


Proposition 5. [f the r-term group: Xf ,...,X;f of the space x1,...,Xs is transitive, 
and if P and P; are two points which admit exactly the same infinitesimal transfor- 
mations of the group: X,f,...,X;f, then there is one and only one transformation 
© which is interchangeable with all transformations of the group: X\f,...,X;f and 
which transfers P to P,. If one understands by T the general symbol of a trans- 
formation of the group: X,f,...,X;f, then © can be defined as the transformation 
which transfers every point (P)T to the point (P\)T. If each time exactly ? dif- 
ferent points admit precisely the same infinitesimal transformations of the group: 
X\f,...,X,f, then there are exactly ~? different transformations which are inter- 
changeable with all transformations of the group X,f,...,Xrf. 


The developments about simply transitive groups that we have given in Chap. 
p. are obviously contained as a special case of the developments carried 
out just now. 


At present, we turn to the case where the r-term systatic group X,f,...,X,-f is intransitive. How- 
ever, we want to be brief here. 

If the systatic group: X;f,...,X;,f is intransitive, then there is not only a single transformation 
which transfers the point P to the point defined on p. 514] and which is interchangeable with all 
transformations of our group, and rather, there are infinitely many different transformations of this 
kind. We will indicate how one finds such transformations. 
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The intransitive systatic group: X, f,...,X,f determines several invariant decompositions of the 
space X1,...,X5. 
A first decomposition is represented by the s— p < s equations: 


(a) Q1(x1,...,Xs) =const., ..., Ps—p(x1,.-.,%s) = const. 

A second decomposition is determined by s —n > O arbitrary independent solutions: uw) (x),...,Us—n(x) 
of the n-term complete system: X, f =0, ..., X,,f =0; the analytic expression of this decomposition 
reads: 

(b) uy (x1,---,Xs) =Comst., ..., Us—n(X1,--.,Xs) = const. 


In what follows, by Mp, we always understand one of the «*P p-times extended manifolds (a), and 
by M,,, we understand one of the oo*~” n-times extended manifolds (b). 

Amongst the solutions of the complete system: X; f =0,..., X,f = 0, there is a certain number, 
say s—q <s~—n, which can be expressed in terms of @(x),...,Ps—p(x) alone; we want to assume 
that u1(x),...,ls—q(x) are such solutions, so that s— q < s — p relations of the form: 


Wi) SL (Oi) avg Ppp) & 004 Weg) =] (Gi 2s p OO) 


hold, and therefore, every solution of the complete system: X;f = 0, ..., Xf = 0 which can be 
expressed in terms of )(x),...,Q@s—p(x) alone is a function of uj (x),...,Us—q(x) (cf. Chap. 
p.[354). Then the s — q equations: 


(c) My (X15 055%) = CODSE). 405 Weg M1, ++: 4%) = const. 


represent a third decomposition invariant by the group: X)f,...,X,f. The individual manifolds of 
this decomposition visibly are the smallest manifolds which consist both of the Mp and of the M, 
(cf. Chap.[8] p.[155). By ,, we always understand in what follows one of the oo*~4 g-times extended 
manifolds (c). 

Lastly, a fourth invariant decomposition is determined by the manifold sections [SCHNITTMAN- 
NIGFALTIGKEITEN] of the Mp and the M,, (Chap. [8] p.[155), and this decomposition is obviously 
determined by the s — p +g —n equations: 


(d) 


gi (x) =const., ..., Qsp(x) =const. 

Us—g4-1(x) = Const., +.., Us—»(x) = const., 
which, according to Chap.[19] p.[B54]sq., are independent of each other. In what follows, by Np+n—q: 
we want to always understand one of the o* Pt4~” (p +n —q)-times extended manifolds (d). 

Now, in order to find a transformation © which is interchangeable with all transformations of the 
group: X1f,...,X7f, we proceed in the following way: 

Inside every )t,, we associate to every M,, another M,, which we may call Ms, and to be precise, 
we make this association according to an arbitrary analytic law. Afterwards, on each one of the 
ooS” M,,, we choose an arbitrary point P, and to each one of the «*~” chosen points, we associate 
an arbitrary point P; on the Np+,—g in which the Mp passing through the point cuts the M/, which 
corresponds to the M,, passing through the point. 

There is one and only one transformation 0’ which transfers the co*” chosen points P to the point 
P, corresponding to them. This transformation is defined by the symbolic equation: 


Sn 


(P)TO = (P\)T, 
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in which P is the general symbol of the o0*~” 


transformations of our group. 

One convinces oneself easily that the transformation © just defined is interchangeable with all 
transformations of the group: X;f,...,X,f and that one obtains all transformations © of this consti- 
tution when one chooses in the most general way the arbitrary elements which are contained in the 
definition of 0. 

We need not to spend time for proving that; let it only be remarked that when one sets up the 
analytic expression of the transformation ©, one sees immediately that the number of the arbitrary 
functions appearing in this expression and the number of the arguments appearing in these functions 
agree with the Theorem 67, p. 

Finally, yet a remark which applies both to the intransitive and to the the transitive systatic groups: 
When the manifold: 


chosen points, while T is the general symbol of the oo” 


0 0 
Dy (x1, tbs iXs) = Py (Xj ame jXe) (k=1--r—n; vV=1--n) 
decomposes for every system of values x, ie a in several discrete manifolds, then the totality of 


all transformations which are interchangeable with the transformations of the group: X)f,...,X;f 
also decompose in several discrete families. 


125. 


The functions @y(x) which decide whether a group is systatic or not have also 
played a great role already in the chapter about the similarity of r-term groups. 
At present, we want to go back to the developments of that time, and we want to 
complete them in a certain direction. 

If, in the same number of variables, two r-term groups are presented: 


: 7] 
Af = y Cel tiieassae) se (k=1---r) 
i=l Xj 
and: : 
tof =Y wel.---9e) (k=1--7r), 
i=l Ji 
and if at the same time the relations: 
Xi, Xi] = Le CiksXof and bes y |= x Ciks Yet, 


hold with the same constants cj, in the two cases, then according to Chap.[19] p. 
sq., there is a transformation: 


Py = Dy is ciak,) (v=1-+s) 


which transfers X;f,...,X;f to Y, f,...,Y,-f, respectively, if an only if the following 
conditions are satisfied: if, between X|f,...,X;,f, there are relations of the form: 


n 
Xn+kt = Y Pkv (X15 +... Xs) Xvf (k=1--r—n), 
v=1 
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while X)f,...,X;f are linked together by no linear relation, then between 
Y\ f,...,Y,f, there must exist analogous relations: 


Yntkt = y Wev (01,--- 9s) Yh (k=1--r—n) 


v=1 


but Y, f,...,¥,f should not be linked together by linear relations; in addition, the 
n(r—n) equations: 


(e) Orv (x1, 36 eae) = Wev (1, - 25 ¥s) (k=1--r—n; V=1--n) 


should neither contradict with each other, nor provide relations between the x alone 
or the y alone. 

If, amongst the functions @,)(x), there would be present less than s that are 
mutually independent, then the determination of a transformation which transfers 
X1f,...,X+f toY, f,...,Y,-f would require certain integrations; by contrast, if the 
number of independent functions @y(x) would be equal to s, the equations (e) 
would represent by themselves a transformation transferring X)f,...,X;f to 
Yi f,...,¥-f, respectively, and in fact, the most general transformation of this 
nature. Hence, if we remember that in the latter case the group: X,/f,...,X;f is 
asystatic, and naturally also the group: Y f,..., Y;f, then we obtain the: 


Proposition 6. Jf one knows that two r-term asystatic groups in s variables are sim- 
ilar and if one has already chosen, in each one of the two groups, r infinitesimal 
transformations: 


Of 
Xf = Y bu Ri sds Xs) 5 (k=1-7r) 
and: ; ay 
Yef = Ye Mi (V+ 1s) 5 (k=1---r) 
i=l Ji 
such that there exists a transformation: y; = ®;(x1,...,Xs) which transfers 


X1f,...,X+f to YX f,...,¥,-f, respectively, then one can set up without integra- 
tion the most general transformation that achieves the concerned transfer; this 
most general transformation contains neither arbitrary functions, nor arbitrary 
parameters. 


From this, it follows that one can find without integration the most general trans- 
formation which actually transfers the asystatic group X/f,...,X;f to the group: 
Y| f,..-,¥,f similar to it. To this end, one has one has to proceed as follows: 

One determines in the group: Y, f,...,Y; in the most general way r independent 
infinitesimal transformations: 


=) Fekef (j=1--7) 
k=l 
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such that firstly, the relations: 
[Va Vel = Gas Vor 
eal 


hold, and secondly such that there exists a transformation which transfers 
X1f,...,X;f to Y f,...,¥,-f, respectively. Then according to what has been said a 
short while ago, one can find without integration the most general transformation 
which achieves the transfer in question, and as a result, one obtains at the same 
time the most general transformation which converts the group: X1f,...,X;f into 
the group: Yi f,...,¥-f. Obviously, this transformation contains only arbitrary 
parameters. 

In particular, if the group: Y, f,...,Y; coincides with the group: X,f,...,X-f, 
then in the way indicated, one obtains all transformations which leave invariant 
the group: Xf,...,X,f. According to Chap. p. the totality of all these 
transformations forms a group, and in fact in our case, visibly a finite group. Thus: 


Theorem 90. The largest subgroup in which an r-term asystatic group: Xf ,...,X;+f 
of the space x,...,Xs is contained as an invariant subgroup contains only a finite 
number of parameters. One can find the finite equations of this group without 
integration as soon as the infinitesimal transformations of the group: X,f,...,X;+f 
are given i 


It is of importance that one can also find without integration the finite equations of 
the asystatic group: X,f,...,X;,f itself, as soon as its infinitesimal transformations 
are given. 

One simply sets up the finite equations: 


(f) =), Wig (E150 +1487) ej (k=1-~7r) 


of the adjoint group associated to the group: X,f,...,X;f; this demands only exe- 
cutable operations (cf. Chap. [16] p. (282). Next, if the sought finite equations of the 
group: X,f,...,X;f have the form: x, = fi(x1,.--;Xn; €1,---,€r), then according to 
Theorem 48, p. after the introduction of the new variables: x; = fj(x,€), the 
infinitesimal transformations X;f take the form: 


j=l 


where, as usual, we have set: 


+ LIE, Archiv for Math. Vol. 10, p. 378, Christiania 1885. 
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Now, since the group: X,f,...,X;f is asystatic, there is a completely determined 
transformation between the x and the x’ that transfers X f,...,X,f to: 


2: Win(E1, +.) Xf (k=1--r), 
j=l 


respectively. If one computes this transformation according to the former rules, one 
finds the sought equations x; = f(x, €). 

In particular, if the equations (f) are a canonical form of the adjoint group (cf. 
Chap. [9] p. [183), then evidently, one obtains the finite equations of the group: 
X,f,...,X;f also in canonical form. We therefore have the 


Proposition 7. [f one knows the infinitesimal transformations of an asystatic group 
of the space x,,...,Xs, then one can always find the finite equations of this group by 
means of executable operations and to be precise, in canonical form. 


There exist yet more general cases for which the finite equations of an r-term 
group, the infinitesimal transformations of which one knows, can be determined 
without integration. However, we do not want to be involved further in such ques- 
tions, and we only want to remark that the determination of the finite equations 
succeeds, amongst other circumstances, when there is no infinitesimal transforma- 
tion interchangeable with all X;f which does not belongs to the group X;f,...,X;-f. 


126. 


Let X, f,...,X;f, or shortly G;, be an r-term systatic group of the space x1,...,Xs, 
and let G,_,, be the (r —n)-term subgroup of the G, which is associated to a deter- 
mined point oe ...,x° in general position. The manifold: 


Ory (x1, - Be no Prey (x2, ies git} (k=1--r—n; V=1--n) 


which consists of all points invariant by the G,_,, may be denoted by M. 

Since the G,_, fixes all points of M, it naturally leaves invariant M itself; but 
is it thinkable that the G, contains transformations which also leave invariant the 
manifold M without fixing all of its points. We want to assume that the largest 
subgroup of the G, which leaves M invariant contains exactly r —/ parameters and 
we want to call this subgroup G,_,. 

Of course, the G;_», is either identical to the G,_; or contained in it as a subgroup. 
The latter case occurs always when the G; is transitive; indeed, in this case, the point 
ae ...,x° can be transferred to all points of M by means of suitable transformations 
of the G,, and since every transformation of the G, which transfers ee sega 10 
another point of M visibly leaves invariant the manifold M, the G, contains a con- 
tinuous family of transformations which leave invariant M without fixing all of its 
points; consequently, in the case of a transitive group G,;, the number r — / is surely 
larger than r —n. But if the G, is intransitive, then it is very well possible that all 
transformations of the G, which leave M invariant also fix all points of M, so that 
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r—l=r—n. This is shown for example by the three-term intransitive systatic group: 


of Fg OF 
Ox’ Ox’ 2 Ax 


of the plane x1, x2. 

It is easy to see that the G,_,, is invariant in the G,_;. In fact, the G,_, is gener- 
ated by all infinitesimal transformations of the G,_; which leave untouched all the 
points of M; but according to Chap. Proposition 7, p. these infinitesimal 
transformations generate an invariant subgroup of the G,_,. We therefore have the: 


Proposition 8. /f: X, f,...,X;f, or G;, is an r-term systatic group of the space 
X1,...,Xs, if moreover P is a point in general position, and lastly, if M is the 
manifold of all points that remain invariant by all transformations of the G; which 
jix P, then the largest subgroup of the G, which leaves P invariant is either identical 
to the largest subgroup which leaves M at rest, or is contained in this subgroup as 
an invariant subgroup. The first case can occur only when the G; is intransitive; 
when the G; is transitive, the second case always occurs. 


On the other hand, if one knows an arbitrary r-term group G, of the space 
X,,...,Xs and if one knows that the largest subgroup G,_, of the G, which leaves 
invariant an arbitrary point P in general position is invariant in a yet larger subgroup 
G,_n with r—h > r—n parameters, then one can conclude that the G,; belongs to 
the class of the systatic groups. 

In fact, the point P admits exactly r—n independent infinitesimal transformations 
of the G,_;, and hence (Chap. Theorem 85, p.[487), it takes, by all oo”~" trans- 
formations of the G,_;, exactly oo” different positions, where the number n — h, 
under the assumption made, is at least equal to 1. Now, since the G,_, is invariant 
in the G,_, then to each of these «”~" positions of P is associated exactly the same 
(r—n)-term subgroup of the G, as to the point P, that is to say: the G, is effectively 
systatic. Thus: 


Proposition 9. Jf the r-term group G; of the space x,,...,Xs is constituted in such 
a way that its largest subgroup G;—y which leaves invariant an arbitrary point in 
general position is invariant in a larger subgroup of the G,, or even in the G, itself, 
then the G, belongs to the class of the systatic groups. 


From this proposition, it follows immediately that for an r-term asystatic group 
of the space x,,...,xs, the subgroup associated to a point in general position is 
invariant neither in the G, itself, nor in a larger subgroup of the G,. But conversely, 
if the G, is constituted in such a way that the subgroup which is associated to a point 
in general position is invariant in no larger subgroup, then it needs not be asystatic 
for this reason, and it necessarily so only when it is at the same time also transitive; 
this follows immediately from the Proposition 8, p. We can therefore say: 


522 24 Systatic and Asystatic Transformation Groups 


Proposition 10. An r-term transitive group G, of the space x1,...,Xs is asystatic if 
and only if the subgroup associated to a point in general position is invariant in no 
larger subgroup. 


In Chap. [22] Theorem 79, p. we provided a method for the determination of 
all transitive groups which are equally composed with a given r-term group I’. At 
present, we can specialize this method so that it provides in particular all transitive 
asyStatic groups which are equally composed with the group I’. 

One determines all subgroups of I” which neither contain a subgroup invariant in 
I’, nor are invariant in a larger subgroup of I”. Each one of these subgroups provides, 
when one proceeds according to the rules of Theorem 78, a transitive asystatic group 
which is equally composed with I’, and in fact, one finds in this way all transitive 
asystatic groups having the concerned composition. 


Taking the Proposition 10 as a basis, one can answer the question whether a given transitive group 
is systatic, or asystatic. One can set up a similar statement by means of which one can answer the 
question whether a given transitive group is primitive, or not. 

Let the r-term transitive group G; of the space x;,...,xs be imprimitive, and let: 


uy(x1,---,Xs) =Ccomst., ..., Us—m(X1,---,Xs) = const. (0<m<s) 


m 


be a decomposition of the space in oo*” m-times extended manifolds which is invariant by the 


group. 

Since the G,, is transitive, all its transformations which leave invariant a point coe ated x in general 
position form an (r — s)-term subgroup G,—;, and on the other hand, all its transformations which 
leave invariant the m-times extended manifold: 


Wj (Risse He) = uy (x°), re] Us—m(X1,.--,%s) = Heninle’) 


form an (r — s+ m)-term subgroup G;—s+m (cf. Chap. p.|483). Here naturally, the G,_s is con- 
tained as subgroup in the G;—s;+m, which in turn obviously is an actual subgroup of the G,. 


At present, we imagine conversely that an arbitrary r-term transitive group 6, of the space 
X1,-...,%s is presented, and we assume that the (r —s)-term subgroup 6,_; of the 6, which is 
associated to a point P in general position is contained in a larger subgroup: 


G+—s+h (r—s<r—s+h<r). 


If all transformations of the 6,_;,, are executed on P, then the point takes oo! different positions. 
These oo!” positions form an h-times extended manifold M which remains invariant by the 6,_,+) 
(cf. Chap. p. 487). Lastly, if we execute on M all transformations of the 6,, we obtain oo” 
different h-times extended manifolds which determine a decomposition of the space x1,...,Xs. 

In fact, since the manifold M remains invariant by the 6,_,,;, then by the oo” transformations of 
the G,, it takes at most oo’ different positions (cf. Chap. [23] p.[487), and on the other hand, thanks 
to the transitivity of the G,, it takes at least 0°” positions, hence it receives by the 6, exactly 0%! 
different positions which fill exactly the space and hence determine a decomposition. It follows from 
Theorem 85, p. that this decomposition remains invariant by the 6,. 

From this, it results that the 6,, under the assumptions made, is imprimitive. If we combine this 
result with the one gained above, we then obtain at first the: 
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Theorem 91. An r-term transitive group G, of the space x,,...,Xs is primitive if and only if the 
(r —s)-term subgroup G,—s which is associated to a point in general position is contained in no 
larger subgroup of the G,. 


But even more, we obviously obtain at the same time a method for the determination of all possi- 


ble decompositions of the space x,,...,x; which remain invariant by a given transitive group of this 
space: 
Theorem 92. /f an r-term transitive group G, of the space x1,...,Xs is presented, then one finds all 


possible decompositions of the space invariant by the group in the following way: 

One determines at first the (r — s)-term subgroup G,—s of the G, by which an arbitrary point P 
in general position remains invariant, a point which does not lie on any manifold invariant by the 
G,. Afterwards, one looks up at all subgroups of the G, which contain the G,_;. If G-—s+n is one of 
these subgroups, then one executes all transformations of the G,—s4, on P; in the process, P takes 
oo! different positions which form an h-times extended manifold M; now, if one executes on M all 
transformations of the G,, then M takes -°—"' different positions which determine a decomposition 
of the space invariant by the G,. If one treats in this way all subgroups of the G; which comprise the 
G,;—s, one obtains all decompositions invariant by the G;. 


At present, we can also indicate how one has to specialize the method explained in Chap. 
Theorem 79, p.[449]in order to find all primitive groups which are equally composed with a given 
r-term group I’. 

Since all primitive groups are transitive, one has to proceed in the following way: 

One determines all subgroups of I” which contain no subgroup invariant in I” and which are con- 
tained in no larger subgroup of I". Each of these subgroups provides, when one proceeds according 
to the rules of Theorem 78, a primitive group equally composed with I and in fact, one obtains in 
this way all primitive groups of this sort. — 

The Theorem 92 shows that one can find without integration all decompositions invariant by a 
transitive group when the finite equations of the group are known. Now, the same also holds true for 
intransitive groups, although in order to see this, one needs considerably longer considerations that 
might not be advisable to develop here. 


Chapter 25 
Differential Invariants 


In n variables, we imagine that a transformation is presented: 


(1) Vi = fl Mig ne aan) (i=1--n), 


and we imagine that this transformation is executed on a system of n — q indepen- 
dent equations: 


(2) 2x (%1,--+,%n) = 0 (k=1--n—q)3 


we obtain in this way a new system of equations: 


(2’) OViscc in) =O (k=1---n—q) 
in the y. 

Now, by virtue of the equations (2), n — q of the variables x,,...,x, can be repre- 
sented as functions of the g remaining ones and these n — g naturally possess certain 
differential quotients: p;, p2, ..., with respect to the g remaining. On the other hand, 
by virtue of the equations (2’), n — q of the variables y;,...,y, can be represented 
as functions of the g remaining ones and these n — q possess in their turn certain 
differential quotients: p/,, p5, ..., with respect to the g remaining. 


Between the two series of differential quotients so defined, there exists a certain 
connection which is essentially independent of the form of the n — q relations (2). 
In the course of the chapter, we will explain thoroughly this known connection, and 
we recall here that the p’ from the first order up to the m-th order can be represented 
as functions of x;,...,x, and of the p from the first order up to the m-th order, when 
the p are interpreted as functions of x/,...,x/, and of the p’. From this, it results 
that one can derive from the transformation (1) a new transformation which, aside 
from the x, also transforms the differential quotients from the first order up to the 
m-th order. We want to say that this new transformation is obtained by prolongation 
[ERWEITERUNG] of the transformation (1). 

Visibly, the prolongation of the transformation (1) can take place in several very 
varied ways, because it left just as one likes how many and which ones of the vari- 
ables x1,...,Xy Will be seen as functions of the others. One can even increase yet the 
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number of possibilities by taking in addition auxiliary variables: f), f2, ..., that are 
absolutely not transformed by the transformation (1), so that one adds the identity 
transformation in the auxiliary variables: f, f2, ..., to the equations of the transfor- 
mation (1). 

If an r-term group is presented, we can prolong [ERWEITERN] all its oo” transforma- 
tions and obtain in this way o” prolonged transformations; the latter transformations 
constitute in their turn, as we will see, an r-term group which is equally composed 
with the original group. 


127. 


We consider at first a special simple sort of the prolongation. 
In the transformation: 


(1) Vp =f Rigesssan) (i=1-+-n), 
we consider the variables x;,...,x, as functions of an auxiliary variable t which is 
absolutely not transformed by the transformation (1). Obviously, y;,...,y, are then 


to be interpreted also as functions of t; hence if we set: 


dxi (1) dyi (1) 


3. SAS ij 9 
dt ‘ dt yi 


then it follows from (1) by differentiation with respect to r: 


Q)_ y Pf 0) =o 
(3) yi -h i” (i=1--n). 


If we take together (1) and (3), we obtain a transformation in the 27 variables x; and 
0, 

The transformation (1), (3) is in a certain sense the simplest transformation that 
one can derive from (1) by prolongation. 

If we apply the special prolongation written just now to all co” transformations of 


the r-term group: X,f,...,X;f, or to: 
(4) VHF izes Bice tiny) (i=1--n), 
then we obtain 0” prolonged transformations which have evidently the form: 


“ ) iA, 
(5) Ve Mipsis Mag igaren Gel yl) = ye OF) (1) 
v=1 Oxy 


(i=1--n). 


It can be proved that the equations (5) represent an r-term group in the 27 vari- 
(1) 


ables x;, x; 
In fact, the equations: 


Vi fig seg Wny @isenesGy) aNd 2p FA Vijanng Vay Biy2 5. Dp) 
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have by assumption as a consequence: 


CF ig vasg iy Oe Os 


where the c depend only on the a and on the b. Therefore, from: 


(1) wo Afi(x,@) (1) Q)_ we 8S Ofi(945) b) a1) 


v=1 


it follows by elimination of the yl): 


(1) sy 8 Ofi(y,b) Ofi(x, Ofi(X,4) (1) 


a iV OY: Oxy 
Of ( (y,b (1) . O fj (Xx, c) (1) 
-y ee = 2 ay, ay 


whence the announced proof is achieved. 
In addition, from what has been said, it results that the new group possesses the 
same parameter group as the original group: 


Vi Sf ign ss Wa As en ey Gy Ne 


The new group: 


(5) Ye= Sea), ye = YE etn) 


which shows a first example of a prolonged group has a very simple conceptual 
meaning. 

Indeed, if one interprets x;,...,x, as ordinary point coordinates of an n-times 
extended space, then one can interpret the 2n quantities: x;,...,Xp, xl), soe x) as 
the determination pieces [BESTIMMUNGSSTUCKE] Of a line element [LINIENELEMENT]; 
about it, xl), oi xi) are homogeneous coordinates in the domain of the oot! i- 
rections which pass through the point x1,...,Xp. 

The new group (5) in the x, x“) indicates in which way the line elements of the 
space X1,...,Xp of the original group: y; = f;(x,a) are permuted with each other. 


Since the group: y; = fi(x,a) is generated by the r infinitesimal transformations: 
X\f,...,X,f, its finite equations in canonical form read: 


r 
Ve = Het Y ej Sje+--- (i=1-+-n). 
Sl 


If we set this form of the group: y; = f;(x,a) as fundamental in order to make up the 
prolonged group (5), then the equations of this group receive the shape: 
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yw=mt ViejEet-, yay ejby + 
(6) j=l = 


where we have set for abbreviation: 


From this, we realize immediately that the prolonged group contains the iden- 
tity transformation, and at the same time, we come to the presumption that it is 
generated by the r infinitesimal transformations: 


(Of = y &, Sf +y eu : 


The correctness of this presumption can be established in the following way: 
According to Theorem 3, p. the n functions: y; = f;(x,a) satisfy differential 
equations of the form: 


(k=1--r). 


: 


(7) aa = y Wicj(1,---,4r) GHUV152++5¥n) (i=1---n; k=1---r) 


If we differentiate these equations with respect to ¢ and if take into account that the 
a are independent of the ¢, it comes: 


) ( fi 2640) 
j=l 
Now, if a?,...,a® are the parameters of the identity transformation in the group: 


yi = fi(x,a), then the determinant: )’ + yy; (a)--- W;-(a) does not vanish for: a; = 
Ay +++, Ar = a: but a’, — ao are also the parameters of the identity transformation 
in the prolonged group (5); consequently, from the equations (7) and (8), we can 
conclude in the known way (cf. Chap. [4] p. [80] sq.), that the sae group is 
sual aaa by the r independent infinitesimal transformations x! ve We call 
the x! ) ¢ the prolonged infinitesimal transformations. 


As the independent infinitesimal transformations of an r-term group, the ae f 
satisfy pairwise relations of the form: 


x0 px PF eh, alg 
s=1 
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Here, the coefficients of the 0 f/x; must coincide on the right and on the left, hence 
one must have: X;,.X jf —XjXif = Ls cl, jsXs f, and consequently, one has: 


M- 


(Ces = Chis) Xsf = 0, 
1 


AY 


or, because of the independence of X,f,...,X-f: 
/ 
Ck js — Ckjs (k, j,8=1--r). 


Thus, the prolonged group (5) is holoedrically isomorphic to the original group, 
which is coherent with the fact that, according to p. both groups have the same 
parameter group. — 

We give yet a second direct proof of the result just found. 

If X;f and X;f are arbitrary infinitesimal transformations and if the associated 
two prolonged infinitesimal transformations are denoted xf) f and X - f as earlier 
on, it follows that: 


XK FAN FS Mf IGF 


— Oe in OE \ (1) Of 
+ 2»; {6 OxjOXy — gji mae} ax) 


T,i,V 


Ly WSni OS jn PS ji Ska | (1) _OF 
iy Oxy Ox; Oxy Ox; J” axi)’ 
or that: 
len 
Oye tod OS im ae Of 
xi0 x) p_ xl) p eee oF 
6) ee Ae a b {es Ox; oi) Ox: | Oxg 
leon d O€ jn Oe vn of 
’ d rata By a \<r 
, Tu 


In particular, if we assume that the X;,f are infinitesimal transformations of an 
r-term group, hence that: 


r 


XX jf —XiXif = Vi crjsXsf; 


s=1 


then it follows that: 
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: (1) 
is 7[, osx ZT is Xs ’ 
Loan E gbag = Lantls 


was what to be shown] 
The general formula (9) in the computations executed just now is of special in- 
terest and it can be expressed in words as follows: 


Proposition 1. /f, for two arbitrary infinitesimal transformations: 
4 of il of 
xX = —— xX — —, 
if L cli Ae ay L oi an 
one forms the prolonged infinitesimal transformations: 


or Yeas Fy a 


(k=1, 2), 


: 


then ca ae ee xi xi) f is the prolonged infinitesimal transformation associated 
to se “XOX f. 


128. 


At present, we ask how one can decide whether the equation: 
n 
I 
ZU v(xX1,. Xp) cl )=0 


admits every finite transformation of the prolonged one-term group: 


pa Yeasts oes 


“5 


According to Chap. [7] p.[123] this holds true if and if and only if XY Uy xl )) 
(1) 


vanishes by virtue of Y Uy x,’ = 0. By computation, one finds: 


0(Y wal?) = ¥ XU va +y Uy Ye Be 0, 
v=1 


Xj 


+ The preceding analytic developments present great similarities with certain developments of Chap. [20](cf. p. 
sq.). The inner reason of this connection lies in the fact that the quantities ¢ on p. are nothing but certain differential 
quotients: dy/5r of the y with respect to f. 
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(1) 


hence an expression which is linear in the x; ’. Consequently, the equation: 


y Uy xi) = 0 admits the one-term group xy when and only when a relation of 


the form: 
( yy Uys) =p s Uy x) 
v=1 v=l 
holds, where it is understood that p is a function of x,,...,Xy alone. 


(1) 


Incidentally, it may be observed that the expression Y Uyx,’ remains always 
invariant by ~~ finite ee of the prolonged group X (1) f if and only if 
the expression: X(! (xr Uy x ) vanishes identically. 

Lastly, a system of m equations: 


1) _ 


(10) Y das, Xn) xt) =0 (k=1--m) 


will admit all es of the prolonged group X (1) f if and only if every 


expression: X (! (ry Ugix; (0) vanishes by virtue of the system, hence when relations 
of the form: 


ny ul”) = y Pkj >» Ux!) (k=1--m) 
oa j=l i=l 


hold, where the p;; denote functions of the x alone. 
If we combine the Proposition 5 of Chap. {7} p. with the proposition proved 
above (p.[530Q), it follows immediately the: 


Proposition 2. [f a system of equations of the form: 


(1) _ 


(10) y Ugi( X],- eit lag =0 (k=1---m) 


admits the two one-term groups: X (1) and x! we which are derived from X\ f and 
X2f, respectively, by means of the el prolate oe above, then it admits 


at the same time the one-term group: x At) xs ye) ¢ which is derived by 
means of prolongation from the group: XX a X2X f 


We have obtained the preceding proposition by applying the Proposition 5 of Chap. [7] to the 
special case of a system of equations of the form (10). But it must be mentioned that our present 
proposition can be proved in a way substantially easier than the general Proposition 5 of the Chap.[7] 
Indeed, one can aad oe without slat bya i. that a system of equations (10) 


which admits x! Ye and xs Ye also allows xi = xi (1) i J: 
We call an equation of the form: 


n 


>: Ui Xiscssjay day =O 
i=l 
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a Pfaffian equation [PFAFFSCHE GLEICHUNG], and we denote its left-hand side a Pfaf- 
fian expression [PFAFFSCHE AUSDRUCK]. 

From the developments of the present chapter done up to now, it results important 
propositions about systems of Pfaffian equations: 


n 
(10’) LU (ts sca%y ae =O (k=1--m). 

The execution of the transformation: y; = f;(x,,...,%,) on the differential expres- 
sion: )); Ugi(x1,.--,Xn) dx; obviously happens in the way that one transforms the 2n 
quantities x;,...,X%,, dx,,...,dx, by means of the transformation: 

stg 
VS J Fig), =) 54 (i=1---n). 


From this, it follows that the system of the Pfaffian equations: 

(10’) Y oul Kijcigmy \dap=0 (k=1--m) 

remains invariant by the one-term group X f if and only if the system of equations: 
y Unix, ««-,Xn) x0? = () (k=1--m) 
i=l 

admits the one-term prolonged group: 


n of n 1 of 
OF Vast Le e ()’ 


i=1 


hence when m relations of the form: 


ra F m n 
Y xUus a? Uki y St (0) =) py) Ye Uyxy” 
=i 


Xy 


i=l i=l j=l i=l 


Hence if we introduce the abbreviated way of writing: 


§ 128. 533 


y xXUgdat Y Ugd (Xx) = «(E Uae), 


i=1 i=l 
we obtain the 


Proposition 3. [f the system of the m Pfaffian equations: 
(10’) y Ui Nisin ty ae =O (k=1--m). 


is supposed to admit all transformations: y; = x; +€ X x; +--- of the one-term group 
X f, hence if for every value of €, relations of the form: 


m 


7, Ui Views ->Yn \dyj = _ d (x j( X1,--+5,Xn, E Dp? Uji(x) x) dx; (k=1---m) 


are supposed to hold, then for this, it is necessary and sufficient that the m expres- 
sions X (¥ Ux; d.x;) can be represented under the form: 


03 Uisas) =) paj(x) Up; (kai ay), 
i=l j=l i=l 


Lastly, if we introduce the language: the system of the Pfaffian equations (10’) 
admits the infinitesimal transformation X f when m relations of the form: 


m 


x(E Ucar — > Pxj(x) y U jidx; 
=) j=l i=l 


hold, then we can also state the latter proposition in the following way: 

The system of the m Pfaffian equations (10°) admits all transformations of the 
one-term group X f if and only if it admits the infinitesimal transformation X f. 

In addition, from Proposition 2, it follows easily: 


Theorem 93. [f a system of m Pfaffian equations: 
y Ul M5 <205%_) dx; =O (k=1---m) 


admits the two one-term groups: Xf and X2f, then at the same time, it also admits 
the one-term group: X|Xof —X2X2f. 


It is yet to be remarked that the Pfaffian expression: Y.; U;(x1,...,Xn) dx; remains 
invariant by every transformation of the one-term group X f Stes the expression: 
X (¥ Ujdx;) vanishes identically. 

Earlier on (p. sq.), we have agreed that in place of &;, we also want to write occasionally 
6x;/dt and in place of Xf, also 6f/6t. In a similar way, in place of X(Y U;dx;), we also want to 
write: é YU; dx; as well; then we have the equation: 
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6 @ Ud) = 
i=1 


an expression which occurs with the same meaning as in the Calculus of Variations. 


5U;dxi t+) Ujd xi, 


n 
i=1 i=1 


129. 


The propositions of the preceding paragraph perfectly suffice in order derive in com- 
plete generality the theory of the prolongation of a group by means of the addition 
of differential quotients. However, we want first to consider a special case, before 
we tackle the treatment of the general case. At the same time, we go back to known 
geometrical concepts of the thrice-extended space. 

By x,y,z, we may understand ordinary point coordinates of the thrice-extended 
space and moreover, let: 


(11) t=Linyz), »y=H, <=Z 


be a transformation of this space. 

By the transformation (11), all points x, y,z are transformed, that is to say, they 
are transferred to the new positions: x’, y’,z’. At the same time, all surfaces take new 
positions: every surface: 7 (x,y,z) = 0 is transferred to a new surface: w(x’, y’,z’) = 
0, the equation of which is obtained by means of elimination of x,y,z from the 
equations (11) of the transformation in combination with y = 0. 

It is in the nature of things that the transformation (11) transfer surfaces which 
enter in contact to surfaces which stand in the same relationship, at least in general. 
Hence, if by the expression surface element [FLACHENELEMENT] we Call the totality 
of a point x, y,z located on the surface and of the tangential plane: 


Oz Oz 
Zi —Z = p(x%1 —x) +¢(1—-y) fe 4 Oy 


passing through it, then we can say that our transformation (11) converts every 
surface element x,y,z, p,g to a new surface element x’, y’,z’, p’,g’. In other words, 
there must exist certain equations: 


(12) p =11(,9,2;p,9); q' =K(x,y,z,P,) 


which we will moreover really set up below. The equations (11) and (12) taken 
together represent a transformation which comes into existence by prolongation of 
the transformation (11). 

At present, we assume that the ©” transformations: 


(13) = AGI dip -sapy) y =H, c=2 


are given which represent an r-term group of point transformations of the space, and 
we imagine that for each of these oo” transformations, the prolonged transformation 
just defined is set up. We claim that the oo” prolonged transformations: 
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/ onl / / 
‘3 ech E an eae 5 Meee =H, g=72 


(14) 
BP HT 2.9 A iyes, g@ =H 


that we obtain in this way do form an r-term group in the variables x, y,z, p,q. 

For the proof, we interpret the oo” transformations (13) as operations and we ob- 
serve that these operations permute with each other both the points x,y,z and the 
surface elements x,y,z, p,g. When regarded as permutations of the points, these 
operations form a group, and consequently, when interpreted as permutations of 
the surface elements, they must also form a group, whence the fact that the equa- 
tions (14) represent a group finds its analytic expression. 

We will make more precise the considerations made up to now by developing 
them in a purely analytic way. 

Let: 


(11) x = 5 (x92); y Hae, 2) Ame ZK) 


be a transformation between the variables x,y,z and x’, y’,z’. If we imagine z as an 
arbitrarily chosen function: z = @(x,y) of x and y, there exist partial differential 
quotients of first order of z with respect to x and y; these are defined by means of 
the equation: 
dz—pdx—qdy=0. 
But on the other hand, our transformation converts every relationship of dependence 
[ABHANGIGSKEITSVERHALTNISS]: Z = (x,y) between x,y,z in just such a relationship 
between z’,x’,y’ which can in general be given the form: z’ = @(x’,y’); hence 
also has two partial differential quotients p’ and gq’ which, in their turn, satisfy the 
condition: 
dz’ —p'dx’—q'dy' =0. 

If, in the equation just written, we substitute z’, x’, y’ with their values Z, =, H and 

if we organize the result with respect to dz, dx, dy, it comes: 


dZ df, dH dZ dE 0H 
(F Po, (Fat (F ea 


(15) 
Oz e Oz 1 Oz 
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In the equation (15), the two factors of dx and of dy must vanish, because dx and 
dy are not linked together by a relation. We therefore obtain the two equations: 


(08 das ,(0H  AH\ OZ. AZ 
v (Se +5) +4 (Ges) ~ Oe Pa 
(08 das ,(O0H  AH\ aZ. aZ 
(+4 in) +4 (G9) ~ Oy Oe 


These equations can be solved with respect to p’ and q’. Indeed, if the determi- 
nant: 


(16) 


Oz 0= OF Oz 
dH 4 9H OH dH 
Ox P Oz oy Voz 


would vanish for arbitrary functions z of x and y, then it would actually vanish 
identically, that is to say, for every value of the variables x, y,z, p,q. Evidently, this 
case can occur only when all 2 x 2 determinants of the matrix: 


ae ay oe 
QOH OH OH 
ox oy a 


vanish identically. But this is excluded from the beginning. 

We therefore see that the equations (16) are in general solvable with respect to p’ 
and q’, whichever function of x and y can z be, and that the resolution is not possible 
only when the function z = @(x,y) satisfies the partial differential equation which 
arises by setting to zero the determinant (17). By really executing the resolution 
of the equations (16), we obtain for p’ and q’ completely determined functions of 
X,Y,Z,P, 4: 

p =I(x,y,z,p,9),  ¢ =K(,y,z,p,4). 


This determination is generally valid, because we have made no special assumption 
on the function z = (x,y). 

Besides, all of that is known long since. 

The equation (15) shows that it is possible to determine a quantity a in such a 
way that the relation: 


(18) dZ—p'd=—q'dH=a(dz— pdx—gqdy) 


holds identically in dx, dy, dz. Indeed, if one expands (18) with respect to dx, dy, 
dz, one obtains at first by comparing the factors of dz in both sides: 


az dz aH. 
az? az 1 az’ 


but if one sets this value in the equation (18), then this equation converts into (15). 
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In its turn, the equation (18) has a very simple meaning: it expresses that the 
prolonged transformation: 


/ 


Jak y=, 2=2, p=, @g=K 


leaves invariant the Pfaffian equation: dz — pdx — qdy = of 

For what follows, it is very important to observe that the prolonged transforma- 
tion: x’ = Z,..., g' = K is perfectly determined by this property. In other words: if 
one knows 2, H, Z, then IT and K are uniquely determined by the requirement that 
the transformation: x’ = Z,..., g’ = K should leave invariant the Pfaffian equation: 
dz—pdx—qdy=0. 

At present, we again pass to the consideration of an r-term group: 


(19) PS Be Gloag ty) y =H, 227. 


and we imagine that each one of the ~” transformations of this group is prolonged 
in the way indicated formerly by adding the equations: 


(20) p =T1G,9,2; py q)Gi,e.<, 4p); g =K. 


Then we already know (cf. p. that the equations (19) and (20) taken together 
represent an r-term group, but at present, we want to prove this also in an analytic 
way. 

If the equations: 


// 


x Le Diente | y=: = 7 
are combined with (19), then one obtains in the known way: 
Se Ging | y' =H, e = 7, 


where c depends only on the a and on the b. But on the other hand, the two equa- 


tions: 
dz’ —p'dx' —q' dy’ = a(dz— pdx—qdy) 


dz” =p dx" = q' dy" _ a’ (dz =p dx’ _ qd dy’) 
give the analogous equation: 
dz” =p' dx" — gq! dy" = ad’ (dz—pdx—qdy), 


which, according to the observation made above, shows that p” and q’ depend on 
X,Y, Z, p,g and on the c in exactly the same way as p’ and q’ depend on x,y,z, p,q 
and on the a. We therefore have the 


Proposition 4. Jf the equations: 
(19) 8 SS (692 Ay sx0i Gy) y =H, ZZ 


+ LIE, Gottinger Nachr. 1872, p. 480, Verhandl. d. G. d. W. zu Christiania 1873; Math. Ann. Vol. VIII. 
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represent an r-term group and if one determines the functions IT(x,y,z, a1,..-,4r), 
K(x, y,Z, @1,---,@;) in such a way that the prolonged transformation equations: 
(21) x=28, y=H g=Z, p=, qd=K 


leave invariant the Pfaffian equation: dz— pdx —qdy = 0, so that a relation of the 
form: 


dz’ — p'dx’ —q'dy' = a(x,y,z, p,q, a1,---,ar) (dz— pdx—qdy) 


holds, then these transformation equations represent in the same way an r-term 
group and to be precise, a group which has the same parameter group as the origi- 
nal group. 


We now claim: If the r-term group (19) is generated by r independent infinites- 
imal transformations — and as always, we naturally assume this also here —, then 
at the same time, the same holds true of the prolonged group (21). 

We will prove this claim at first for the simple case: r = 1. Let therefore r = 1 
and let the group (19) be generated by the infinitesimal transformation: 


_£ OF OF o pt 
Sa ee a 


In order to prove that the prolonged group is generated by an infinitesimal transfor- 
mation, we only need to show that from X f, a prolonged infinitesimal transforma- 
tion: 

i 
aa a i a ee 
dy ¢ dz Op & Og 


can be derived which leaves invariant the Pfaffian equation: 


xOpaeZ ey 


(22) dz—pdx—qdy=0. 


If this is proved, then it is clear that the one-term group in the variables x,y,z, p,q 
generated by X") f is identical to the one-term group (21), for this last group then 
leaves invariant the Pfaffian equation (22) and comes into existence by prolongation 
of the group X f which, according to the assumption, is just the group (19). 
According to p. the infinitesimal transformation X!) f leaves invariant the 
Pfaffian equation (22) if and only if 2 and y satisfy an equation of the form: 


d¢ —pdg —qdn—adx— yx dy = b(dz— pdx —qdy), 


where it is understood that 6 is a function of x,y,z, p,g. This equation decomposes 
in three equations: 
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b= 0g 7 0g 7 on 
~ Oz Pz Oz 
0g 0g on 
= ——p—-gq—-+b 
o ax? Ox a) i 
0g 0g on 
— —-p—-—q—-+b 
a ay ay 
whence it comes for 7 and x the completely determined values: 
pate 06 _ io dl 
~ dx Pax 7 ax’ a ay Pay 4 ay 
where for brevity, we have set: 
OP (x,y,z) oe O®P(x,y,z) d® dO P(x, y,z) nm OP(x,y,z) d® 
Ox P92 ~ dae? oy 192 dy’ 


With these words, the existence of the infinitesimal transformation X“) f is 
proved, and also at the the same time, the correctness for r = 1 of the claim stated 
above. 

Now, let r be arbitrary. Next, if e; X;f+---+e,X,f is an arbitrary infinitesi- 
mal transformation of the group (19), then evidently, the one-term group which 


is generated by the prolonged infinitesimal transformation: e; X @) eer e, Xi) ‘a 
belongs to the group (21), because the concerned one-term group comes indeed into 
existence by prolongation of the one-term group: e; X;f/+---+e,X;,f. From this, 


it results that the group (21) contains the oo’! one-term groups: ext) ‘ie eae 
e, x) f, so that it is generated by the r independent infinitesimal transformations: 
x) x) 

gh ee car 


Of course, the xf) f satisfy pairwise relations of the form: 
1)y(1 ~ 
KOKO px xe = ¥ hx fs 
s=1 


we will verify this by means of a computation, and hence in addition, we will rec- 
ognize that the Cs here have the same values as the c;;, in the relations: 


: 
XX f —MMf = Vo Cus Xcf. 
s=1 


According to Theorem 93, p. the Pfaffian equation: dz— pdx —qdy = 0 
admits, simultaneously with the two infinitesimal transformations: xi) f and xf) 7 
also the following: xy) f = Xex? f, which has visibly the form: 
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OyWe yy O Of | 2 of 
XOX) ¢ XX f= XR XX + ax +B 3a 


From this, it results that the infinitesimal transformation: X My) f—-X Oy a f is 
i k k i 
obtained by prolongation of: 


XX f —MXif = Vo citsXsf, 
s=l 
so that the relations: 
XK fF XOX P= cies XSF 
s=1 


hold. 

From this, we yet see that the prolonged group (21) is holoedrically isomorphic 
to the group (19), which is coherent with the fact that the two groups have the same 
parameter group (Proposition 4, p.[537). 


The group: 
(19) $207 24,a0)) Yen, Hz 


can still be prolonged further, namely by taking also differential quotients of order 
higher than the first order. Here, we only want to consider also the prolongation by 
means of the addition of differential quotients of second order. 

Since z is considered as a function of x and y, apart from p and q, we have to take 
also account of the three differential quotients: 


oe Be 
Ox Oxdy dy2 


Through the transformations of our group, x,y,z’ depend in the known way 
upon x, y,z, and according to what precedes, p’,q' depend likewise upon x, y, z, p,q. 
As should at present be shown, 7’,s’,t’ can also be represented as functions of 


KV 2) Dstt 
Fe Pie P.G5 Sf Gigsa lp) =, f=, 
The quantities r’,s’,t’ are defined by: 
dp’ —r'dx' —s'dy' =0, dq’ —s'dx' —t'dy' =0. 


Here, if the dx’, dy’, dp’, dq’ are expanded with respect to dx, dy, dz, dp, dq, 
and next, if the values for dz, dp, dg are inserted from: 


dz—pdx—qdy=0, dp-—rdx—sdy=0, dq-—sdx—tdy=0, 
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then one obtains two equations of the form: Adx+ Bdy = 0 whose coefficients, 
apart from x’, y’,z’ and their differential quotients, yet contain also p’, gq’, r’, s', t', p, 
q, r, S, t. Since dx and dy are independent of each other, A and B must in the two 
cases vanish individually, and hence we find the four equations: 


Gf ow gee a GN, ON) OH , colt 0H , 2 
ax Paz} \ax Poze} ax? az "ap aq 


(ae, df), (aH, aH) _ a, am am, al 
"Vay tac) Tay $4 ac) = ay 18 a2 TS ap tog 


and so on. 


Of these equations, the first two are solvable with respect to r’ and s’, the last two 
with respect to s’ and t’, exactly as the equations (16) were solvable with respect 
to p’ and q’. Still, the question is only whether the two values which are found in 
this way for s’ coincide with each other. But as is known, this is indeed the case, 
since otherwise, we would receive a relation between x, y, z, p, g, r, 8, t not holding 
identically which should be satisfied identically after the substitution: z= @(x,y), 
and this is impossible, because @ is submitted to absolutely no restriction. 

Similarly as before, we realize also here that the quantities r’,s’,t’ are defined 
uniquely as functions of x, y, z, p, g, r, Ss, t by the condition that equations of the 
form: 


dp’ —r' dx’ —s' dy’ = a,(dz— pdx—qdy)+ Bi (dp—rdx—sdy) 
+%(dq—sdx—tdy) 

dq’ —s'dx' —t'dy' = ap(dz— pdx —qdy) + Po(dp —rdx—sdy) 
+ (dq —sdx—tdy) 


hold identically in dp, dg, dz, dy, dx. For this, if we remember the former identity: 
dz’ — p'dx' —q' dy’ = a(dz— pdx—gqdy) 


which determine p’ and q’, we can say that for given 2, H, Z, the transformation 
equations: 


/ ss / 
(23) Xx = 2 iy ey) vos f = (Ve PiG, GS tye) 


are completely and uniquely determined by the condition that they should leave 
invariant the system of Pfaffian equations: 


(24) dz—pdx—qdy=0, dp—rdx—sdy=0, dg—sdx—tdy=0. 


From this, it becomes clear that after the succession of two transformations (23), 
a transformation comes into existence with again leaves invariant the system (24). 
But by assumption, the equations: 
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SERS Uiganagthn); Y=, 2<=Z 
X SB6 72 Bigees Pr), y=H, 2 =Z 


have as a consequence: 
p) i = I I 
(19’) x = VG Clguces ty) y =H, z =Z, 
where the c depend only on the a and on the b. Therefore, the two transformations: 


/ 
ies -,4r), aba | = We sh Cie) 
1 Pot oP ot op od dt 
(x! de de bj,.. -Dr), shania g t ST 0 PG oT 8 oF igri Dy) 


Me 
Xx 


lanl 
Lad 
— 
lanl 
Lad 
— 


when executed one after the other, give a transformation which results from (19) 
by the same prolongation as the one by which (23) comes into existence from: 


(19) A= Se Giana, y =H, 7 =Z, 


a transformation therefore which belongs in the same way to the family (23). Thus, 
the transformations (23) form an r-term group. 

We will convince ourselves directly that the group (23) is generated by r inde- 
pendent infinitesimal transformations. 

To begin with, we again assume that r = | and that the group (19) is generated 
by the infinitesimal transformation X f. Then obviously, we need only to prove that 
there is a prolonged infinitesimal transformation: 


2) f= xpra ag rp trod of 


which leaves invariant the system of the Pfaffian equations (24). But there is no 
difficulty to do that; for z and 7, we find the same values as before, and for p, o, T, 
we obtain in a similar way expressions which depend linearly and homogeneously 
in the €, n, ¢ and their differential quotients of first order and of second order. 

Also, we find here at first four equations for p, o, T; but it can easily be proved 
that these equations are compatible with each other. We postpone the realization of 
this proof to the consideration of the general case, which appears to be clearer than 
the case at hand here. 

From Ws existence of X(2) f, it naturally follows that the group (23) is just gener- 
ated by X 7) f in the case r= 1. 

One realizes in the same way that for an arbitrary r, the group (23) is generated 


by the r infinitesimal transformations: x) Frese x?) f which are obtained by pro- 
longation of the infinitesimal transformations: X,f,...,X;f. As a result, it is proved 
at the same time that relations of the form: 


By) ¢_ yy) ¢ — E lx 
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hold. 
It can be seen easily that ci, = cixs. In fact, together with x! 2) ¢ and x! 2) F the 
system of the Pfaffian equations (24) also admits the janie acc as iol 
Ay) 7 Kx f= (x), xP), but this transformation obviously has the 
form: 
Of Of ...0f 


Oy. 4 of, pof ,, of 
began, J= Kn Xl+as +B a +4 >, +HS, +v re 


hence it comes into existence by prolongation of the transformation: 


[Xi, Xi] = y Ciks Xsf, 


and it can be represented in the following way: 


= 3 Cag Xf 
s=l 


Here lies the reason why the prolonged group (23) is equally composed with the 
original group (19). 


130. 


After the realization of the special studies of the preceding paragraph, the general 
theory of the prolongation of a finite continuous group by addition of differential 
quotients will cause us no more difficulty. 

To begin with, we consider an individual transformation in the n +m variables: 
X1,--+5Xn» Z1,--++5Zm, Say the following: 


ee oe. oe ee (i=1---n) 


25 
(>) BF Nicaea Rigeeng ee) (k=1---m). 


If we want to prolong this transformation by adding differential quotients, then we 
must at first agree on how many and which of the variables x1,...,Xn, Z1,---5Zm 
should be considered as independent, and which ones should be considered as de- 
pendent. This can occur in very diverse ways and to each such possible way there 
corresponds a completely determined prolongation of the transformation (25). 


In the sequel, we will always consider x1,...,X, as independent variables and 
Z1,-++;Zm as functions of x1,...,Xn, but which can be chosen arbitrarily. Under this 
assumption, x\,...,x}, are in general mutually independent, while z\,,...,Z, are 
functions Of X y:205%p 

For the differential quotients of the z with respect to the x and of the z’ with 
respect to the x’, we introduce the following notation: 
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a, Qute+On aaa ; 

> =2y.k Sa, ZM, %,...,% Jva awa * a 

Ox, 3K) ot saete Ox, Qn LL, Oy mn? dx, rae) on” L, O1,...,On? 
and we claim that ae can be expressed by means of x1,...,Xn, Z1,---;Zm, and 


by means of the differential quotients zy g,_.p, of first order up to the (a +--+ + 
0, )-th order: 


Zi 5. = Fy Oy; 1250 Wiens igeiiae Sr Binibe) 
enon By tet Bn <a t--+O%). 


(26) 


If we set Q, +---+Q, =N, then the existence of equations of the form (26) is 
clear for N = 0; in order to establish this existence for an arbitrary N, we therefore 
need only to show that equations of the form (26) hold also for @ +---+Q=N+1 
as soon as such equations hold for @ +---+Q) <N. 

Thus, let the functions Fy @,,...,a, (Q@1 +++: + OQ, <N) be known; then the values 
of the ae Oy se. (O81 +++ + Om = N + 1) are to be determined from the equations: 


(27) OG ti Seh - py Zi Ot ony tL, dx; = 0 (a +--+ =N), 
and to be precise, (27) must hold identically by virtue of the system of equations: 


(28) 
a. “mM; on +++Bn<N), 


while dx,,...,dx, are fully independent of each other. For z’ 


: 3 H, O,..-,Q;+1,...,Qn? we 
therefore obtain the equations: 


(29) be Lu, Oy ,...,0j+1,...,Qn ‘32 


where the right-hand side means the complete differential quotient: 


a 3 de, Ba eosBe-+ yee Qo 


rani 


OF 006,25 n 4 5.2,On de et vt 


+) iva 


Ox, ey, »Bi.-+-sBn 


Of Fu, oy,..., With respect to x;. 
If the equations (29) would not be solvable with respect to the Zn 
(i= 1,...,n), then the determinant: 


Q,---,;7+1,...,On 
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of, m of, |. Oft Of, 

Oxy + Eu 1 <u, 1 OZu Oxn Ele 1 <u, n OZp 

Ofn m Ofn . . Ofn Ofn 

Oxy +m 1 <u, 1 OZn OXn +m 1 <un OZn 
would necessarily be zero, whichever functions of x;,...,x, one could substitute for 
Z1,---;Zm; that is to say: this determinant should vanish identically for every value 


of the variables x;, Zu, Zy,;. One convinces oneself easily that this can happen only 
when all m x m determinants of the matrix: 


of, , , Of Ofh , . Of 
Ox] OXn Oz zm 
Ofn | | Of Ofn . , fn 
Ox, OXn Oz OZ 
vanishes identically, hence when the functions f|,..., f, are not independent of each 


other. But since this is excluded, it follows that the equations (29) are solvable with 
respect to the Zu, (8) jo0ej0-+ 1.0.50 E= 1,--- 72). 

It still remains to eliminate an objection. Apparently, the equations (29) provide 
in general different values for the differential quotients a Gi.ccsepeicce,® BULIN Ie 
ality, this is only fictitious, because otherwise this would give certain not identical 
relations between the x;, the z, and their differential quotients which should hold 
for completely arbitrary functions z1,...,Zm Of x1,...,%n, which is impossible. 

We therefore see: the equations (29) determine all B icigiess Oj-+1,...,a, Completely 
and uniquely, and consequently, there are, under the assumptions made, equations 
of the form (26) also for a +---+@Q, =N-+1, whence their general existence is 
established. But in addition, we yet realize that the transformation: 

(30) 
=F iy cas tay Sige) fp = Fu Mynx May Si yeveaSn) 


/ 
i 
=F, 
Lu, Oy 5.5An ~~ UL O,..-,On era tice emeeiece) (Ly By <Ly Qty) 


(i=1--n; P=1--m; O< Oy +++ On <N) 


leaves invariant the system of equations: 


(31) 216, By jnBa — Yep Zbl By yenoBi tL ynngBp 14% = O (U=1--m; O<Yy By <N) 
i=] 


and that it is completely defined by this property. Lastly, it is yet also clear that the 
succession of two transformations (30) which leave invariant the Pfaffian system of 
equations (31) again provides a transformation having this constitution. 


At present, we assume that the original transformation equations (25) contain a 
certain number, say r, of parameters: 


546 25 Differential Invariants 


/ ‘ 
Rei Ai yee cisco ey igcauste) (i=1+-n) 


(32) / 
Su = Fy (x41,. ++3Xny £15-° -9<m) a\,-- ssp) (u=1---m) 


and that they represent an r-term group generated by r independent infinitesimal 
transformations. From (32), we imagine that all equations of the form (26) are de- 
rived, in which a +---+Q, <N; we claim that these equations taken together 
with (32): 


= fee. Zu = Fyu(,z,4) 
(33) oe = Fit, 06) y.--5On (XZ, Zy, By ..Br? a) 


(i=1--ny W=1--m; O< 0 ++ +O <N) 


represent again an r-term group. 
The proof is very simple. 
The transformations: 


executed one after the other give a transformation: 
I 1 
Xj = fi(x,z,c), Z = (2,2, ¢) 


in which the c are certain functions of the a and of the b. According to what has 
been said above, the a express in terms of the xj, Z, Zy,,,...,p, and of the 
c; in exactly the same way as the Zh, fC express in terms of the xj, Zz, Zv,8,.....By 
and of the a. As a result, our claim is proved. 


It still remains to prove that the prolonged group (33) is generated by r infinites- 
imal transformations, just as the original group (32). In order to be able to perform 
this proof, we make at first the following considerations: 

We start from an arbitrary infinitesimal transformation: 


n Of m Of 
Xf= 14,4) FZ a 
f L c (x z) OX; oF y Cu(x 2) Ozu 
and we attempt to form a prolonged infinitesimal transformation from it: 
of 


a 
son 7 
fv, 1 ,---;On 


Xx) faoxf+ >» y Cv, cu,. 
v=l1 @ 
(O0< a) +--+ On <N) 


which leaves invariant the Pfaffian system of equations: 
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dz =) 2 ae day=0 
(31) V, By ,---:Bn L V, By,.--,Bi 1,...,Bn 


(V=1--m: 0< By +++ By <N) 


For N = 0 and N = 1, there certainly exists an infinitesimal transformation X (N) f of 
the constitution just described, and this does not require any justification. Hence we 
can conduct the general proof for the existence of X\ )f in the way that we show 
that, as soon as X(N—!) f and x) ¢ exist, then X(V+) f also exists. 

So the assumption is that XV) f and X\) f exist. Now, if there is an infinitesi- 
mal transformation X‘%+!) f which leaves invariant the system of equations: 


(34) Lp Vis 
(V=1---m; 0< Bi +--+ Pn<N+1) 


then the coefficients still unknown: 


Oz 
Ly Vise % 
se = CE Yate (“+--+ %h=N +1) 


must satisfy certain equations of the form: 


(% ++ On =N; 0<B, +--+Bn<N+1), 


and to be precise, independently of the differentials: dx;, dzy g,._...p,- 


From this at first, the Py g,g, determine themselves uniquely and it remains 
only equations between the mutually independent differentials: dx,,...,dx,. Hence 
if one inserts the values of the Py, g,g, and if one compares the coefficients of the 
dx; in both sides, one obtains for Ci, Ob yeees Get 5 On the following expression: 


) 
Bp HGH 1m = CU, Ob yes Dos 
(35) Doe a tts ot 
dx; é HM, Q),..., J ayn dx; 


j= 
(Q+--+0,=N), 


where d /dx; denotes a complete differential quotient with respect to x{i 


+ The formula (35) is fundamentally identical with a formula due to POISSON in the Calculus of Variations. 
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But now, it yet remains a difficulty; indeed, in general, we obtain for each 
Cp, Olt genes Ott yeees Oy a series of apparently different expressions. 

The expression in the right-hand side of (35) is the derivation of Cy, o,,...,0;-+1,....0 
from the value of: 


6 OZ, Ob s..sOy _ ) 
atCi SSCS 5p CH Git Ls One 
L 


But on the other hand, we also have: 


ve BOE obt joes tp —Lyee FL ees On 
ot [, 4 ,--,04+1,...;On a ot OXp 

(36) _ Cpa, ty gooey ty —1 yeeeg OGL yeeey On _ . dg; 
——— ie - SU, Oy ,...,0j+1,...,0%—1,...,Q4+1,...,On dx,’ 


= 
where / denotes an arbitrary number amongst 1,2,...,n different from i. Thus, all 
possibilities are exhausted. Therefore, it only remains to prove yet that the latter 


value of itis sth ube coincides with the value (35). 
In order to prove this, we remember that the following equations hold: 


Cu. an, On ot OXh 
Cu, cy ...,0%n—1 On ‘ Z dgj 
LL, Oy , +1, Oy 1 OQ v] 
dxy, j=l # ‘i "d h 


and: 

— 6 OZ p10 0-50 —L soos On 

GT as OT ~ ot a oe 
l 


— SU, Op yj +1 ,..,Op— 1.5 Qn da 
i 


= d TR 


dx; j=l 


If we insert the value of Cy. ay,...,a, in (35), we obtain: 


n 
6 OZp a ..sdm a d : Vz ; ; dg; 
om ee ae Sashes (OL yee Oj 71,40 —1y.--, Oj +1,...50n Qo 
St Ox; dx; dx; H, h n = H, j n—t, iT1,...,On dx) 


y dé; d dé 
_ AU Gis 2,07+1ye.sOn 4 Ab O50, 641552509 —1ynOn 4 : 
j=l J ‘ dx; 7 , i dx; dx, 


j=! 


On the other hand, if we insert the value of Ciesla in (36) and if 


we take into account that 4 = 4 4 we find: 
dx; dxy, dx, dx; 


oO OZ pb, Ob oes Olp—Lyeees Obit yoo —_ Oo ZL, OL 5-0 Qn 


ot OXh ot Ox; 
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But this is what was to be shown. 

At present, it is shown that under the assumptions made, the Cu.y,,..%, (4 +++ + 
Yn = N+ 1) really exist and are uniquely determined; consequently, it is certain that, 
according to what was said above, to every X f and for every value of N, there is 
associated a completely determined prolonged infinitesimal transformation X“) f. 

The coefficients of X) f are obviously linear and homogeneous in the ;, ¢, and 
their partial differential quotients with respect to the x and the z. Hence if X;f and 

X jf af a infinitesimal transformations of the form X f, and moreover, if X; (N) ia 


and x\ N) ¢ are the infinitesimal transformations prolonged in the way indicated, 
then: N) ) 

f+e;X; "Ff 
results co te a rf a Xj; f by means of the prolongation in question. In addition, 
since ee N) p x x f sa invariant the Pfaffian system of equations (31) 


a alee with x! N) ¢ and x N) p it follows that: 


Mp xx p 


must come into existence from X;X ;f — X ;X;f by means of this prolongation. 
Lastly, let X, f,...,X;f be independent infinitesimal transformations of the r-term 
group (32) so that they satisfy the known relations: 


z 
X;X jf —XjXif = » CijsXsf. 
s=l 


Le ass ee prolonged infinitesimal transformations: xl) eee ao f, then 


BY — x) \e also comes from X;X;,f — X;X;f by means of this prolon- 
eon én ewe it comes from Y° cjxs Xs, qiich again means that we have: 


(N) y(N) (\)y(\)p _¥ ) 
Xp Xf —XP'X, f=} cies 


Therefore, the r infinitesimal transformations x! N) generate, for every value of 
N, a group equally composed with the group X; f: the former group is obviously 
identical to the group (33) discussed earlier on which was obtained by prolongating 
the finite equations (32) of the group: X,f,...,X;f. 


Theorem 94. /f the " transformations: 


td < 
Ne iss cg Mas Ch eee igen) (i=1+-n) 
/ 
Ce SPM sic Wa Tiga as Cae) (k=1---m) 
in the variables x1,...,Xn, Z1,--+;Zmform an r-term group and if one considers the Zz; 


as functions of the x; which can be chosen arbitrarily, then the differential quotients 
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of the z, with respect to the x; are also subjected to transformations. If one takes 
together all differential quotients from the first order up to, say, the N-th order, then 
one obtains certain equations: 


| . 
Ah ysis, On a Ft, 0b... (x1,. ++ 9Xiny 21g 00+ 9 Sims ZV, Bis -sBn ? 2 - ar) 


(Bi +++ Bn < 01 +--+ On <N) 


which, when joined to the equations of the original group, represent an r-term group 
equally composed with the original group 


Above, we already mentioned that every given group can be prolonged in very 
many different ways; indeed, it is left just as one likes which variables one wants to 
choose as the independent ones. 

In addition, one can, from the beginning, substitute the given group for a group 
equally composed with it by adding a certain number of variables: t,...,f¢ which 
are absolutely not transformed by the group, or said differently, that are transformed 
only by the identity transformation: 


/ 
i =h, a) tg =lo.- 


Now, if one regards as the independent variables an arbitrary number amongst the 
original variables and amongst the f;, one can add differential quotients and prolong; 
one always comes to an equally composed group. 

As one sees, the number of possibilities is very large here. 


131. 


The theory of the invariants of an arbitrary group developed earlier on in Chap. 
can be immediately applied to our prolonged groups. 
Since one can always choose the number WN so large that the infinitesimal transfor- 


; N 3 ' ; 
mations x! ) f contain more than r independent variables, one can always arrange 


that the 7 equations x) f =0 form a complete system with one or more solutions. 
These solutions are functions of the x, of the z and of the differential quotients of 


the latter, they admit every finite transformation of the prolonged group x) f and 
hence are absolute invariants of this group; they shall be called the differential in- 
variants [DIFFERENTIALINVARIANTEN] Of the original group. 


A function Q of x1,..-,Xn, Z1,-++;Zm and of the differential quotients of the z with 
respect to the x is called a differential invariant of the r-term group: 


Ki Rig dg May Zisvaes Sas G1,..-,4r) 


/ 2 
SSA ig Sie Biyscin Gy) 


when a relation of the form: 


+ LTE, Math. Annalen Vol. XXIV, 1884; Archiv for Math., Christiania 1883. 
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holds identically. 


Since we can choose WN arbitrarily large, we have instantly: 


Theorem 95. Every continuous transformation group: X,f,...,X;f determines an 
infinite series of differential invariants which define themselves as solutions of com- 
plete systems 


If one knows the finite equations of the group: X)f,...,X,f, then in the way ex- 
plained above, one finds the finite equations of the prolonged group and afterwards, 
under the guidance of Chap. the differential invariants of any order without 
integration. But in general, this method for the determination of the differential in- 
variants is not practically applicable. In most cases, the direct integration of the 


complete system: x) f = 01s preferable. 

We shall not enter these considerations here. Still, we should only observe that 
from sufficiently well known differential invariants, one can derive new differential 
invariants by differentiation and by formation of determinants. 


In the variables x1,...,%, Z1,---,Zm, If a group is represented by several systems of equations, 
each one with r parameters, then naturally, there are in the same way prolonged groups whose 
differential invariants are those of the original group. The former general developments not only 
show that each such group possesses differential invariants, but also at the same time, they show 
how these differential invariants can be found. 


132. 


One can also ask for possible systems of differential equations which remain invariant by a given 
group. The determination of a system of this sort can obviously be carried out by prolonging the 
concerned group in a suitable way and by applying the developments of Chap. on the basis of 
which all systems of equations invariant by the group can be determined. Each system of equations 
found in this way then represents a system of differential equations invariant by the original group. 

However, in each individual case, it must yet be specially studied whether the concerned system 
of differential equations satisfies the condition of integrability. — 

Conversely, one can imagine that a system of differential equations is given — integrable or not 
integrable— and one can ask the question whether this system admits a given group. The answer 
to this question also presents no difficulty at present. One only has to prolong the given group in 
the right way and afterwards, to study whether the given system of equations admits the prolonged 
group; according to Chap.|7/| this study can be conducted without integration. 


133. 


In order to give a simple application of the preceding theory, we want to seek the conditions under 
which a system of differential equations of the form: 


n fa 
Ag=) Oats kn) =0 (k=1---q) 
—] XG 


i= 
admits the r-term group: 


+ LIE, Gesellsch. d. W. zu Christiania 1882; Math. Ann. Vol. XXIV, 1884. 
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of 


n 
Xif = Vy Gii(t1,---n) 5 (j=1--7) 
i=l Xi 
in the variables x;,...,x,; here naturally, the g equations A,@ = 0 are assumed to be mutually inde- 
pendent. 
In order to be able to answer the question raised, to the variables x),...,xn of the group X;f, we 


must add yet the variable @ which is not at all transformed by the group. The x are to be considered 
as independent variables, @ as dependent and the group: X)/f,...,X;,f is thus to be prolonged by 
adding the n differential quotients: 


Afterwards, one has to examine whether the system of equations: )°; Oy; @j = 0 allows the prolonged 


group. 
To begin with, we compute the infinitely small increment 6 @; that @; is given by the infinitesimal 
transformation X; f. This increment is to be determined so that the expression: 


5(ae- y ova) =ddQ- y {Py ddxy +6 pydxy} 
v=1 v=1 


vanishes by virtue of dg = Y gy dxy. But since, as remarked above, 6@ is zero, we obtain for the 
6 @y the equation: 


Ss { pv déjy 5t +6 py dxy} =0 
v=1 


which must hold identically. Consequently, we have: 


oy SiH 81, 
pa OV 


and the prolonged infinitesimal transformation X;f has the shape: 


Mra ese Ey Seo Se 


00; 


Now, if the system of equations: )); 04; (x) @; = 0 in the 27 variables x1,...,Xn, P1,---;@n is sup- 


posed to admit the infinitesimal transformation X a 


n n n P) 
62 a) =P Xj | Gi - y) np Oi sit bo, (e213) 


i= 


f, then all the g expressions: 


must vanish by virtue of the system of equations. This necessary, and at the same time sufficient, 
condition is then satisfied only when relations of the form: 


n q n 
s1(an)-fioun fen 
i=l o=1 me 


hold, where the p;,¢ denote functions of x1,...,x, only which do not depend on the qj. 
With these words, we have found the desired conditions; they can be written: 
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Dy (Xj OK — —A,&ji) Qi = Pjko y Aoi Pi, 
i=1 


or, if we insert again 0@/0x; in place of @;: 


q 
Xj(Ak(@)) —Ax(Xi(@ =. Pjko(x)Ao®. 
Relations of this sort must be satisfied for every arbitrary function @(x1,...,x,). The system of 
the q linear partial differential equations: A; p = 0, ..., Ag@ = 0 always remains invariant by every 


transformation of the group: X,f,...,X;f when these relations hold, and only when they hold. 

In the case where the g equations: A,@ = 0 form a g-term complete system, this result is not new 
for us. Indeed, in this special case, we have already indicated in Chap.[8] Theorem 20, p. [151] the 
necessary and sufficient condition just found. However, our present developments accomplish more 
than the developments done at that time, for we have shown at present that the criterion in question 
holds generally, also when the equations: A;@ = 0 do not form a q-term complete system. 


The origins of the theory of the differential invariants goes back long ago; indeed, mathematicians 
of the previous century already have considered and integrated the differential invariants associated 
to several specially simple groups. 

For instance, it is known long since that every differential equation of first order between x and y in 
which one variable, say y, does not explicitly appear, can be integrated by quadrature; but obviously: 


dy 
(m2) =0= 1009) 
x 
is nothing but the most general differential equation of first order that admits the one-term group: 


(37) r=x, y=yta 


with the parameter a. The most general integral equation [INTEGRALGLEICHUNG] can be deduced 
from a particular integral equation, and in fact, as we can now Say, in such a way that one executes 
the general transformation of the one-term group (37) on the particular solution in question; thanks 
to this, one indeed obtains the equation: ) = g(r) +-a with the arbitrary constant a. 

Furthermore, the homogeneous differential equation: 


(2,2) -0-4(2/) 
X X X 


is the general form of a differential equation of first order which admits the one-term group: r = ax, 
» = ay; here, f(y/x, y’) is the most general first order differential invariant associated to this group. 

It has been observed since a long time that every particular integral equation: F (x,y) = 0 of a 
homogeneous differential equation: f = 0 can, by executing the general transformation: r = ax, 
ty = ay, be transferred to the general integral equation: 


However, the equation xy’ — y = 0 must be disregarded here. 
A third example is provided by differential equations of the form: 
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m m+1 
(3 y d ) =0= f(y, y™); 


dx , dxmtl 


nevertheless, it is not necessary here to write down the group of all equations of this form. 

In the invariant theory of linear transformations, there often appear true differential invariants 
relatively to all linear transformations. They have been considered by CAYLEY for the first time. 
Nevertheless, it is to be observed on the occasion firstly that the differential invariant of CAYLEY are 
not the simplest ones which are associated to the general linear homogeneous group, and secondly, 
that CAYLEY has not considered invariants of differential equations, and even less has integrated 
such equations. 

In a prized essay [PREISSCHRIFT] achieved in 1867 and published in 1871 (Determination of a 
special minimal surface, Akad. d. W. zu Berlin), H. SCHWARZ considered differential equations of 
the form: 


which, as he himself indicated, had already appeared occasionally apud LAGRANGE. SCHWARZ 
observed that the most general solution can be deduced from every particular solution: y = g(x), 
namely the former has the form: 
a+bo 
= c+ d Q’ 


with the arbitrary constants: a: b: c: d. Thus, as we can say, the expression J is a differential invari- 
ant, and to be precise, the most general third order differential invariant of the group: 


_ atby 


r=x, u) 


c+dy 


But now, although all these special theories are undoubtedly valuable, it is however still to 
be remarked that the inner connection between them, the general principle from which they flow 
[FLIESSEN], was missed by the mathematicians. They have not observed that differential invariants 
are associated to every finite continuous group. 

In the years 1869-1871, LIE occupied himself with differential equations which allow inter- 
changeable infinitesimal transformations and in 1874, he published a work already announced in 
1872 about a general integration theory of ordinary differential equations which admit an arbitrary 
continuous group of transformations\| 

Afterwards, HALPHEN computed the simplest differential invariants relatively to all projective 
transformations and he gave in addition nice applications to the theory of the linear differential 
equations|f{] 

After that, LIE developed in the years 1882—1884 a general theory of the differential invariants 
of the finite and infinite continuous groups, where he specially occupied himself with finite groups 
in two variables[*t] As far as it relates to finite groups, this general theory is explained in what 
precedes. 

Finally, after 1884, SYLVESTER and many other English and American mathematicians have 
published detailed but special studies about differential invariants. 


t Verhandlungen der Gesellsch. d. W. zu Christiania 1870-1874; Math. Ann. Vol. V, XI; Gott. Nachr. 1874. 


+t Thése sur les invariants différentiels 1878; Journal de I’Ecole Pol. 1880. Cf. also Comptes Rendus Vol. 81, 1875, 
p. 1053; Journal de Liouville Novemb. 1876. Mémoire sur la réduction des équat. diff. lin. aux formes intégrables 
1880-1883. 

itt Verh. d. Gesellsch. d. W. zu Christiania, 1882, 1883 and February 1875; Archiv for Math. 1882, 1883; Math. 
Ann. Vol. XXIV, 1884. 
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Chapter 26 
The General Projective Group 


The equations: 


po Alyy Xt +++ + AnyvXn + an+1,v 
,=——Wo 
Q1n+1*1 sae Qnn+1 Xn An+1,n+1 


(1) xX (v=1--n) 

determine a group, as one easily convinces oneself, the so-called general projective 
group of the manifold x;,...,x,. In the present chapter, we want to study somehow 
more closely this important group, which is also called the group of all collineations 
[COLLINEATIONEN] Of the space x1,...,Xn, by focusing our attention especially on its 
subgroups. 


134. 


The (n+ 1)* parameters a are not all essential: there indeed appears just their ra- 
tios; one of the parameters, best ay+41,,4+1, can hence be set equal to 1. The values 
of the parameters are subjected to the restriction that the substitution determinant 
[SUBSTITUTIONSDETERMINANT] ) £411 °**Gy+1.n4+1 Should not be equal to zero, be- 
cause simultaneously with it, the functional determinant [FUNCTIONALDETERMINANT]: 
p Mas ua sae oe would also vanish. 

The identity transformation is contained in our group, it corresponds to the pa- 
rameter values: 


ayy =, duy = 90 (M,V=1--n+1, UAV), 


for which indeed it comes x; = x; As a consequence of that, one obtains the in- 
finitesimal transformations of the group by giving to the ayy the values: 


dyy =1+ @yy, QntinH = |, auv = Ouv, 


where the @,y mean infinitesimal quantities. Thus one finds: 


nN n 
/ 
Xy — (x4 es Onvy Xp + Oysy) (1 = py Ou n+1 Xu te), 


yu=l u=1 


557 
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or by leaving out the quantities of second or higher order: 


n n 


‘i 
Xy —Xy = » OuvxXp + Ont+1,v —Xv > Ou n+1Xp- 
u=l u=1 


If one sets here all the @,, with the exception of a single one equal to zero, then one 
recognizes gradually that our group contains the n (n+ 2) independent infinitesimal 
transformations: 


Of Of ~ of 

2 —, xix, Xj xj 

( ) OX; " OX, ‘ ya 4 
The general projective group of the n-times extended space x,,...,Xn therefore 

contains n(n +2) essential parameters and is generated by infinitesimal transfor- 

mations. The analytic expressions of the latter behave regularly for every point of 

the space. 


From now on, we will as a rule write p; for 0 f /Ox;. In addition, for reasons of 
convenience, we want in this chapter to introduce the abbreviations: 


n 
Xi Pk = Tix, a) ep mh. 
k=l 


Lastly, we still want to agree that €;, should mean zero whenever i and k are distinct 
from each other, whereas by contrast €;; is supposed to have the value 1; this is a 
fixing of notation that we have already adopted from time to time. On such a basis, 
we can write as follows the relations which come out through combination of the 
infinitesimal transformations pj, Tix, P;: 


n 


[Pi. Pr| = 0, Le Pr| = 0, [Pi, Pr| = Tig+ &j, y Tyy, 


v=1 


[Pi, Ti = Ex Py; [B, Tee| — — Ey Px, 
[Tres Tuy | = &u Tiv — Evi Tuk: 


One easily convinces oneself that these relations remain unchanged when one 
substitutes in them the p;, 7;, and P; by the respective expressions standing under 
them in the pattern: 


Pi, Tx, P; 


3 
©) Fi, =Tgs. pr 


Thus in this way, the general projective group is related to itself in a holoedrically 
isomorphic way. 

One could presume that there is a transformation: , = @;(x1,...,X,) which transfers the infinites- 
imal transformations: 
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n 
Pir =%iPe» Xt Y Xe Pe 
k=1 


to, respectively: 
n 
/ Jot Pach / 
Xj 3 Pk» —XKPis Pie 
k=l 


But there is no such transformation, and this, for simple reasons, because the n infinitesimal trans- 
formations p1,...,Pn generate an n-term transitive group, while: x Y x,pi. -- + X, Lx,p;, generate 
an n-term intransitive group. 


First in the next Volume we will learn to see the full signification of this impor- 
tant property of the projective group, when the concept of contact transformation 
[BERUHRUNGSTRANSFORMATION] and especially the duality will be introduced. 


The general infinitesimal transformation: 


n n n 
apt Y betes Yeh 
i=l i, k=1 i=l 


of our group is expanded in powers of x1,...,x, and visibly contains only terms of 
zeroth, first and second order in the x. One realizes easily that the group contains 
n independent infinitesimal transformations of zeroth order in x, out of which no 
infinitesimal transformation of first or second order in the x can be deduced linearly. 
For instance, p1,..., Py, are n such infinitesimal transformations. From this it follows 
that the general projective group is transitive. 

Besides, there are n” infinitesimal transformations of first order in the x;, for in- 
stance all x;p,; = Tj, out of which no transformation of second order can be deduced 
linearly. Finally it yet arises n transformations of second order in the x: 


n 
a) ASE 
k=1 


In agreement with the Proposition 9 of the Chap. [I5]on p. the P; are pairwise 
interchangeable and in addition, the 7j, together with the P; generate a subgroup in 
which the group of the P; is contained as an invariant subgroup. 

As one sees, and also as it follows from our remark above about the relationship 
between the p; and the P;, the p; are also interchangeable in pairs and they generate 
together with the 7;, a subgroup in which the group of the p; is invariant. 


135. 


For the most important subgroups of the general projective group, it is advisable to 
employ special names. If, in the general expression (1) of a projective transforma- 
tion, one lets the denominator reduce to 1, then one gets a /inear transformation: 


/ 
Xy = AlyX1] +++ + anvXn + An+i,v (Vv=1--n)} 
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all transformations of this form constitute the so-called general linear group. We 
have already indicated at the end of the previous paragraph the infinitesimal trans- 
formations of this group; they are deduced by linear combination from the the fol- 
lowing n(n + 1) ones: 

Pi, = Xi Pk (i,k=1--n). 


If one interprets x1,...,x, as coordinates of an n-times extended space R,, and 
if one translates the language of the ordinary space, then one can say that the gen- 
eral linear group consists of all projective transformations which leave invariant the 
infinitely far (n — 1)-times extended straight manifold, or briefly, the infinitely far 
plane [UNENDLICH FERNE EBENE] M,,_ 1. 

Next, if one remembers that by execution of two finite linear transformations 
one after the other, the substitution determinants: )) +a 11 ---a@y, multiply with each 
other, then one realizes without difficulty that the totality of all linear transforma- 
tions whose determinant equals | constitutes a subgroup, and in fact, an invariant 
subgroup, which we want to call the special linear group. One finds easily that, as 
the n(n+ 1) —1 independent infinitesimal transformations of this group, the follow- 
ing ones can be chosen: 


Pi, = XiPk;, XiPi — XkPk (iZk). 


If, amongst all linear transformations, one restricts oneself to those homogeneous 
in x, then one obtains the general linear homogeneous group: 


/ 
Xy = AjyX1 +°++ + anv Xn (v=1--n), 


all infinitesimal transformations of which possess the form: )' bjx.x;pz and hence 
can be linearly deduced from the n? transformations: x;p;. Also this group visibly 
contains an invariant subgroup, the special linear homogeneous group, for which: 
yy! taj ---Ann has the value 1. The n? — 1 infinitesimal transformations of the latter 
group are: 
XiPky — XiPi —XkPk (i2k); 

hence, the general infinitesimal transformation of the group in question has the 
form: )°; ; QinXipz, Where the n> arbitrary constants a, are only subjected to the 
condition ¥. a; = 0. 


Since the expression: [xiPe, x 7xjP i] always vanishes, it is obvious that the last 
two named groups are systatic and consequently imprimitive. Indeed, if one sets: 


then one receives: 


fey aiyvyit:: + QAn—1,v Yn-1 + any 


v_ (v=1--n—1). 
a1ny1 ss + @n—-1,nYn-1 + ann 
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From this, it results that in both cases the y are transformed by the (n* — 1)-term 
general projective group of the (n — 1)-times extended manifold y,,...,y,—1. Con- 
sequently, this group is isomorphic with the general linear homogeneous group of 
an n-times extended manifold and with the special linear homogeneous group as 
well, though the isomorphism is holoedric only for the special linear homogeneous 
group, since this one contains n* — 1 parameters. 


Theorem 96. The special linear homogeneous group: 
XiPk; XiPi — XkPk (i=k=1-~n) 


in the variables x,,...,Xy, is imprimitive and holoedrically isomorphic with the gen- 
eral projective group of an (n— 1)-times extended manifold. 


The formally simplest infinitesimal transformations of the general projective 
group are pj,...,Pn; these generate, as already observed, a group actually: the 
group of all translations: 


Uj 
X; = Xi + dj (i=1--n), 


which obviously is simply transitive. 
In fact, m arbitrary infinitesimal translations, for instance p1,..., Dm, always gen- 
erate an m-term group. For all of these groups, the following holds: 


Proposition 1. All m-term groups of translations are conjugate to each other inside 
the general projective group, and even already inside the general linear group. 


Indeed, the m independent infinitesimal transformations of such a group always 
have the form: 


yy Duy Pv (u=1---m), 
v=1 


where not all m x m determinants of the by vanish. 
But we can very easily show that by means of some linear transformation, new 


variables x/,,...,x), can be introduced for which one has: 
n 
/ 
Pu= y buy Pv (U=1--m). 
v=1 


In fact, let Di = pj ou +++»+ Dp i then we only need to set: 
Xu Xu 


Oxy es inte 
a7 7 Lv a on b= MN 5 
Oxy 
while the Oxy Oxy remain arbitrary. We can give to these last ones some values 
OXn il : ? OX), ay 8 


such that the equations: 
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n n 
/ / 
Xy = » DuyXy+ y Cavx_z (v=1--n) 
uU=1 a=m-+1 


determine a transformation, and then, this transformation transfers the given group 
of translations to the group p/,..., Pj,. From this, our proposition follows immedi- 
ately. 

We want to at least indicate a second proof of the same proposition. As already observed, the gen- 
eral linear group leaves invariant the infinitely far plane M,,_, and in fact, it is even the most general 
projective group of this nature. Now, every infinitesimal translation is directed by an infinitely far 
point and is completely determined by this point; every m-term group of translations can therefore 
be represented by an m-times extended, infinitely far, straight manifold M,,. But two infinitely far 
straight M,, always can be transferred one to the other by a linear transformation which leaves in- 
variant the infinitely far plane. Consequently, all m-term groups of translations are conjugate to each 
other inside the general linear group, and in the same way, inside the general projective group. 


The correspondence indicated earlier on which takes place between the p; and 
the P; yields, as we prove instantly, the 


Proposition 2. All m-term groups, whose infinitesimal transformations possess the 
form ¥. e; P;, are conjugate to each other inside the general projective group. 


For the proof, we start from the fact that two subgroups are conjugate inside a 
group G; when the one can be, by means of a transformation of the adjoint group of 
G,, transferred to the other; here, we have to imagine the subgroup as a straight man- 
ifold in the space e1,...,e, which is transformed by the adjoint group (cf. Chap. [16] 
p.[288). If we now write the transformations of the projective group firstly in the se- 
quence pj, Tjx, P; and secondly in the sequence P;, — T;;, p;, then in the two cases we 
get the same adjoint group. But since two m-term groups of translations can always 
be transferred one to the other by the adjoint group, this must also always be the 
case with two m-term groups whose infinitesimal transformations can be deduced 
linearly from the P;. Furthermore, it even immediately comes out that two m-term 
groups of this sort are already conjugate to each other inside the group P;, T;,. With 
that, our proposition is proved. 


136. 


We consider now one after the other the general projective group, the general linear 
group and the general linear homogeneous group, and to be precise, we want to 
examine whether there are invariant subgroups and which one are contained in these 
three groups. 

To begin with, the general projective group. Let: 


n n n n n 
s= » a pit> y Biexipe +) ViXi se XkPk 
i=l i=1 k=1 i=1 k=1 


be an infinitesimal transformation of an invariant subgroup; then necessarily [py, S] 
and | py, [pv, S]] are also transformations of the same subgroup. Consequently, in 


§ 136. 563 


our invariant subgroup, there would certainly appear an infinitesimal translation 
Y Pi Pi- 

But because all infinitesimal translations are conjugate to each other inside the 
general projective group, they would all appear. Furthermore, since it is invariant, 
the subgroup would necessarily contain all transformations: [Pi, Xi Lj XjP Fi , or after 


computation: 
n 


XiPx (ik), xipit ) xjpj.- 
j=1 
Adding the n transformations: x;p; + 0; xjpj, one obtains: (n+1)) x;p;, hence 
x;p; and therefore actually all x;p,. Finally, the invariant subgroup would yet con- 
tain all transformations: [Xi Din diy Xt Pk| , hence all x; ); x,p, and thus it would be 
identical to the general projective group itself. Thus, our first result is: 


Theorem 97. The general projective group in n variables is simple 


Correspondingly, the special linear homogeneous group: 
(4) XiPky —— XiPi — XKPk (i2k) 


is also simple. 


The general linear homogeneous group with the n? infinitesimal transformations 
xjPe contains, as we saw above, an invariant subgroup with n* — 1 parameters, 
namely the group (4) just named. 

If there is yet a second invariant subgroup, then this subgroup obviously can- 
not comprise the group (4), and in the same way, it even cannot have infinitesimal 
transformations in common with the same group, since such transformations would 
constitute an invariant subgroup in the simple group (4) (cf. Proposition 10 of the 
Chap. [15] on p. (273). Taking the Proposition 7 of Chap. [12] on p. 219]into account, 
it hence follows that a possible second invariant subgroup can contain only one 
infinitesimal transformation, and to be precise, one of the form: 


n l--n 
d MDEer d ik Xi Pk (x7; oi =0). 
{= Lk 


In addition, according to Proposition 11 of Chap. [I5]on p. [273] the same transfor- 
mation must be interchangeable with every transformation of the group (4), from 
which it follows that the transformation: 

Leak 


> Qik XiPk (Ee Ohi =0) 
i,k 


+ Lie, Math. Ann., Vol. XXV, p. 130. 
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must be excellent inside the group (4). But there is no such transformation, whence 
all the Oj, vanish and it shows up that x; p,; +---+X,pn and (4) are the only two 
invariant subgroups of the group x;px. 


Theorem 98. The general linear homogeneous group x;jpx in n variables contains 
only two invariant subgroups, namely the special linear homogeneous group and 
the one-term group: X{P, +++: +XnPn- 


At present, one easily manages to set up all invariant groups of the general linear 


group. Let: 
n n n 
S=) ajpi+ YY Bie xire 
i=l i=1 k=1 

be a transformation of such a subgroup. Then together with S, also [p;,S] belongs 
to the invariant subgroup; hence this subgroup certainly contains a translation, and 
because of Proposition 1, p.[561] it contains all of them. The smallest invariant sub- 
group therefore consists of the translations themselves; every other subgroup must 
contain, aside from the translations, yet a series of infinitesimal transformations of 
the form: ); °; Mx x;px. But these last transformations visibly generate an invariant 
subgroup, the linear homogeneous group x;p,. So we find: 


Theorem 99. The general linear group: pj, xijpx contains only three invariant sub- 
groups namely the three ones: 


Pi Dis X1P1++**+XnPn Pir XiPk, XiPi —XkPk (izk), 
with respectively n,n+1 and n* +n—1 parameters. 


If, as already done several times, we employ the terminology which is common 
for the ordinary space, we can say: the three invariant subgroups of the general linear 
group are firstly the group of all translations, secondly the group of all similitudes 
[ AEHNLICHKEITSTRANSFORMATIONEN]: (x1 —X?) py +++++ (Xn —X2) Pn, and lastly the 
most general linear group which leaves all volumes unchanged. 


137. 


Before we pass to determining the largest subgroups of the general projective group, 
we put on ahead an observation which will find several applications in the sequel. 

Let Xi f,...,X,f be independent infinitesimal transformations of an r-term group 
G; and let a family of 0”~""—! infinitesimal transformations of this group be deter- 
mined by m independent equations of the form: 


(5) 


# 
je; =0 (k=1--m). 
=1 


J 


Assume furthermore that one knows from some reason that amongst the infinites- 
imal transformations: e; X; f +---+e,X,f, no infinitesimal transformation of the 
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form: e; X, f +--:+e@mXmf is contained in this family. Then at first, it can be de- 
duced that the equations (5) are solvable with respect to e),...,@m, for if one sets: 
€m+1 = ++: = ey = 0 in these equations, it must follow: e; = --- = em = 0, which 
happens only when the determinant: )) + 011 --- Qnm does not vanish. Hence if one 
chooses €m+1,---,@, arbitrary, though not all zero, it follows that e1,...,@m receive 
determined values and therefore, the family contains r—m mutually independent 
infinitesimal transformations of the form: 


Xm+jf +ergXif +--+ + emjXmf (j=1--r—m). 
Thus, the following holds: 


Proposition 3. [f, amongst the infinitesimal transformations: ¥. e,X;.f of the r-term 
group: X\f,...,X;f, afamily is sorted by means of m independent linear equations: 


je; =0 (k=1---m) 
1 


r 


J 


which embraces no infinitesimal transformation of the form: e, X,f +:::-+emXmf; 
then this family contains r — m infinitesimal transformations of the shape: 


m 
Xm+j + y ejvXvf (j=1--r—m). 


v=1 


138. 


After these preparations, we turn ourselves specially to the general projective group. 
We denote for its number n(n + 2) of parameters shortly by N and we seek at first 
all subgroups with more than VN —n parameters, hence some Gy_,, for which m <n. 
Naturally, this way of putting the question is meaningful only when the number n is 
larger than 1. 

According to an observation made earlier on (cf. Chap.[12] Proposition 7, p.[219), 
the sought Gy_» has at least n — m independent infinitesimal transformations in 
common with the n-term group p1,..., Pn. SO Gy—m contains in any case n — m in- 
dependent infinitesimal translations. If it contains no more than n — m translations, 
then thanks to Proposition 1, we can assume that pm+1,..-, Pn are these translations, 
while no translation of the form: e; pj +---+@mPm is extant. From the Proposi- 
tion 3, it then follows that there appears a transformation: 


Xm Pi tet Pi +++ +em Pm, 


but by combination with p,,+1, it would give p;, which would be a contradiction. 
Hence in our Gy_;, there are surely more than n — m, say n— gq (q < m) infinitesimal 
translations, and we want to assume that these are: pg+1,---,Pm;---, Pn; by contrast, 
when q > 0, there appear no translations of the form: e; pj +--+ -+@g Pg. Now in any 
case (cf. Chap. [12] Proposition 7, p.[219), there is in the Gy_m one transformation: 
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AnXn Pi +-+>+ Ags xg Pit egPgt+:+e1P1 


in which, according to what precedes, the A cannot vanish all. By combination with 
one of the translations pg+1,...,Pn, we therefore obtain at least once p 1, but this 
was excluded. Hence the number g cannot be bigger than zero, so g = O and the 
sought Gy—» therefore comprises, when m < n, all translations. 

Thanks to completely analogous considerations, one realizes that the Gy_» (m < 
n) must contain all transformations P;. These considerations coincide even literally 
with those undertaken just now, when one replaces the pj, xjpz, P; by P;, — xxi, Pi, 
respectively, and when one relates to Proposition 2, p. 

Thus, our Gy—m contains all p; and all P; simultaneously, but then as was already 
shown earlier on some occasion (on page [562), it contains yet also all x;p, and is 
hence identical to the general projective group itself. Consequently: 


Theorem 100. The general projective group of the manifold x,,...,Xn contains no 
subgroup with more than n(n+2) —n=n(n+ 1) parameters. 


139. 


At present, the question is to determine all subgroups contained in the general pro- 
jective group having N —n =n(n+ 1) parameters. In order to be able to settle 
completely this problem, we must treat individually a series of various possibilities. 

At first, we seek all n (n+ 1)-term subgroups which contain no infinitesimal trans- 
lation Y' e; px. According to Proposition 3, p. there surely exists a transforma- 


tion: 
n 


n Nn 
U=)) xpi-—) Gpi= Yo (i — 0%) vi 
i=l i=l 


i=l 
and for every value of i and k, there is in the same way a transformation of the form: 


n 


T = (xi—Q)) pe+ Y Bixj pj. 
= 


By combination of the two infinitesimal transformations U and T, we obtain the 
expression: [|U, T] = — ); Bj; pj, and because our group contains no infinitesimal 
transformation of this form, all B;; must vanish. 

Lastly, there are yet n infinitesimal transformations: 


n 
P+) Vere, 
k=1 
or, what amounts to the same: 
n n 
P! = (x; — 0%) a (xj— Qj) pp+ y Oik Pk: 
j=l k=1 
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If we make the combination of P! with Y (x, — O%) py = U, we obtain: 


n 


[U, Pi] = (xi — a) y (xj— Q;) p7— y Sik Pk: 
1 k=1 


nm. 
lI 


so that all 6, vanish. 
Thus, in the sought n (n+ 1)-term subgroups, the following n (n+ 1) independent 
infinitesimal transformations must appear: 


(6) (x; — O4;) Pk, (xj — ;) y? (j=) py (i,k=1--n). 
j=l 


Thanks to pairwise combinations, one easily convinces oneself that these infinitesi- 
mal transformations effectively generate an n(n + 1)-term group. Besides, this also 
follows from the fact that all the infinitesimal transformations (6) leave invariant the 
point x; = a; lying in the domain of the finite. Indeed, they are mutually indepen- 
dent and their number equals n (n+ 1), that is to say, exactly equal to the number of 
independent infinitesimal transformations there are in the n(n + 2)-term projective 
group that leave invariant the point x; = a. According to Proposition 2, p. the 
infinitesimal transformations (6) therefore generate an n(n + 1)-term group. 

As a result, every n (n+ 1)-term projective group of the R, in which no infinites- 
imal translation Y' ex; pg appears consists of all projective transformations that fix a 
point located in the domain of the finite. 

If, in the above computations, we would actually have written P;, —xjpxz, pj in 
place of pj, x, pi, P;, respectively, then we would have found all n(n+ 1)-term 
subgroups which contain no infinitesimal transformation )° e; Py. We can therefore 
make exactly the same exchange in the expressions (6) and we obtain in this way: 


n n 
Xe Pit Pe, pita Yo xypj+), a; (xj;pi +P). 
= j=l 


Here, we may clearly take away the the term ) a; (x; p; + Pj) and we therefore 
obtain the general form of the n(n + 1)-term subgroups which contain no transfor- 
mation )° e; Py as follows: 


n 


(7) Dit OG; peer Xj Pk + Oy Pi. 
j=l 


The fact that these infinitesimal transformation generate a group follows from their 
derivation, but naturally, one could also corroborate this directly. 

If all a; vanish, then we have the general linear group already discussed earlier on 
which leaves invariant the plane M,,_; located at infinity. Hence we are very close to 
presume that in the general case where not all a; are equal to zero, there exists in the 
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same way a plane M,_1: Ay xj +---+Anx,+A =0 which admits all infinitesimal 
transformations (7). 

By execution of the infinitesimal transformations: p; + 0; ) x; pj, we obtain the 
following conditions for the A;: 


Aji + Q; y Ajx; =O0=Aj;— OA. 


j=l 


The quantity A can hence in any case not vanish and may be set equal to 1; so if 
there actually is an invariant plane M,,_;, this plane can only have the form: a) x; + 

-> + OX, +1 = 0. In fact, this latter plane yet admits also the infinitesimal trans- 
formations: x; py + O P;. 

Every subgroup (7) therefore leaves invariant a plane M,_; of the R, and is in 
addition the most general projective group of the R,, which leaves at rest the plane 
M,,—; in question. Every further infinitesimal projective transformation which would 
leave invariant the plane: M,_1: Ox, +---+@Q,Xx,+1=0 could indeed be given 


the form: 
n n n 
y ah = )) ee), pe 
k=1 k=l i=l 


But if one executes this infinitesimal transformation on the M,_ 1, it comes: 


n n 
d rs Ox; =O=— )° egre, 
k=1 k=1 


i=1 


whence e; =--- =e, = 0. 

Thus, if an n(n+ 1)-term projective group of the R, contains no infinitesimal 
transformation )° e; P;, it consists of all projective transformations which leave in- 
variant a plane M,,_; not passing through the origin of coordinates. 

From the previous results, we can yet derive, thanks to a simple transformation, 
a few other results which will be useful to us in the future. Indeed, if we transfer to 
infinity the former origin of coordinates by means of the collineation: 


1 x x! 

2, n 
(7°) xy = 7) 2 Potty An = /? 
a 1 a 


we then obtain: 


! zt Ox; 1 a l 
P=) a7 a Pity) xpi ; 
j xy i=2 
and hence: 


xi P| = —Xk » Xj Pi = —P, (k=2---n). 
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In the same way, we obtain: 
n 
/ on (aer 
x] YY xipi= —Pi; X) Py = — Pk (k=2---n), 
i=1 


as every infinitesimal projective transformation is actually transferred to a transfor- 
mation of the same kind after the introduction of the x’ (cf. Chap. B] Proposition 4, 
p. 45). 

From this, we see: our collineation (7’) converts every n(n + 1)-term projective 
group in which no infinitesimal transformation )° e; P, appears into a projective 
group which contains no transformation e; pj +e€2X2 py +--+: +énXn py. In the same 
way, every projective group free of all )° e;, pz is transferred to a projective group 
which contains no transformation: e; P| + e2x1 p2 +--+: +enX1 Pn. 

Thus, if in an n(n + 1)-term projective group, there are no infinitesimal transfor- 
mations: e; py + e2xX2 py +--:+enXyp1, then this group consists of all projective 
transformations which leave invariant a certain plane M,_;. By contrast, if in the 
group there are no infinitesimal transformations: e; P; +e2x po+--:-+éenX1 Pn, then 
this group consists of all projective transformations which leave invariant a certain 
point. 

The general projective group possesses the property of being able to transfer ev- 
ery point of the R,, to every other point, and every plane M,_| to every other plane. 
From this, it results that every n (n+ 1)-term projective group of the R, which leaves 
invariant a point is conjugate, inside the general projective group of the R,, to every 
other group of the same sort, and likewise, it follows that every n(n + 1)-term pro- 
jective group of the R, which leaves invariant a plane M,_; is conjugate to every 
other projective group of this sort. 

Finally, we can at present look up at all n(n + 1)-term groups of the Rp. 

Since we know all groups that contain no translation, it only remains to find the 
groups in which some infinitesimal translations appear. We assume that there are 
exactly g independent such infinitesimal translations, say py,...,Pn—g+1, so that, 
when n — q is > 0, no translation of the form: e; py +--+ + €n—g Pn—q 18 extant. 

Then in our group, there surely exists an infinitesimal transformation of the form: 

q n—-q 
(8) Xn—qt+i >: Nik Pk+e1 pi te--+ €n—q Pn—-q 
= =I 


i=1 k= 


only when the number (n — g)(q+ 1) of terms contained in this infinitesimal trans- 
formation is larger than n. 

This is the case only when (n—q)(q+1)-—n =q(n—gq-—1) is larger than zero, 
from which it follows that we must temporarily disregard the cases g = n— 1 and 
q =n. But if we assume that g is smaller than n — | and if we make a combination 
of the transformation (8) —in which obviously not all A, vanish — with each one 
of the extant translations py—g+1,--.,Pn, We then obtain in all circumstances a not 
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identically vanishing transformation of the form fy py +--+ + Un—g Pn—g, and this is 
a contradiction. Thus, the number qg cannot be smaller than n — 1. 

Therefore, if an n(n + 1)-term projective group contains one infinitesimal trans- 
lation )° e; px, it contains at least n — | independent translations. 

In this result we can again, as so often before, replace the p; by the P; and find 
that there always exist n — | independent transformations )° e; P, in every group of 
the said sort as soon as there exists only a single transformation of this form. 

At present, we seek all n(n + 1)-term projective groups with exactly n — 1 inde- 
pendent infinitesimal translations )° e; pz, say with p2,..., Py. No such group can 
contain a transformation of the form: 


€1 Pi +e2X2 Py +++ +n Xn Pi, 


because by combination with p2,...,Pn, we would obtain p;, what is excluded. 
According to what has been seen above, all these groups belong to the category 
of the n(n+ 1)-term projective groups which leave invariant a plane M,_;. Corre- 
spondingly, it results that every n(n + 1)-term group which contains exactly n— 1 
independent transformations )° e;, P, leaves invariant a point. 

It still remains to determine the n(n + 1)-term projective groups which contain 
all the 7 translations p;,..., Pn. Besides, the P; cannot yet appear all, because other- 
wise, the group would coincide with the general projective group itself. 

Therefore, according to what has been said above, there are only two possibilities: 
either there is absolutely no transformation )° e, Py, or there are n — | independent 
such transformations. Both cases are already settled above. 

As a result, our study is brought to a conclusion. The result is the following: 


Theorem 101. The largest subgroups of the general projective group of an n-times 
extended manifold contain n(n+ 1) parameters. Each such subgroup consists of all 
projective transformations which leave invariant either a plane M,_1, or a point. In 
the first case, the subgroup is conjugate inside the general projective group to the 
general linear group pj, Xipx, and in the second case, to the group X,Pi, pit 


Because the groups of the one category come from the groups of the other cate- 
gory through the exchange of p;, xjpx, P; with P;, —x;p;, p;, all n(n + 1)-term sub- 
groups of the general projective group are holoedrically isomorphic to each other. 
From what precedes, it follows in addition the 


Proposition 4. The general projective group of the space x,,...,Xn can be related 
to itself in a holoedrically isomorphic way so that the largest subgroups which leave 
invariant one point correspond each time to the largest subgroups which leave in- 
variant a plane My_. 


If n = 1, the difference between point and plane M,,_; disappears; the general 
three-term projective group of the once-extended manifold therefore contains only 
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one category of two-term subgroups, and all of these are conjugate in the three-term 
projective group. 

According to the previous developments, the general projective group of an n- 
times extended space contains n(n + 1) independent infinitesimal transformations 
which leave at rest a given point, and to be precise, these infinitesimal transforma- 
tions generate a subgroup which is contained in no larger subgroup. From this, it 
follows (Chap. [24] Theorem 91, p. that the general projective group is primi- 
tive and all the more asystatic. 


140. 


We derive here a few general considerations about the determination of all sub- 
groups of the general linear group pj, x;px (i,k=1---n) of the Ry. 
The general infinitesimal transformation of a linear group of the R, can be writ- 
ten: 
izk n—1 
Y aie xi pe + Yb: (xipi — XnPn) 
(9) i,k i=1 


n n 
+c) xepet+ Y dive. 
k=l k=l 


If one makes combination between two infinitesimal transformations of this shape, 
one obtains a transformation: 


n 


Zk n—1 n 
Y Ainxipet YS Bi (xipi—xXnPn) +C Y. xepet+e VY Deprs 
i,k i=l k=1 k=1 


in which the Aj, Bj; and C (C = 0) depend only of aj, bj and c. Consequently, the 
reduced infinitesimal transformation: 


izk n—1 n 
(10) » ix Xj Dk + y bj (XiPi —XnPn) + » Xk Pk 
i,k i=l i 


is in turn the general infinitesimal transformation of a linear homogeneous group in 
X1,-++5Xn- 

From this, we realize that the problem of determining all subgroups of the general 
linear group decomposes in two problems which must be settled one after the other. 
At first, all subgroups of the general linear homogeneous group x; px (i, k=1---n) have 
to be sought; afterwards, to the infinitesimal transformations of each of the found 
groups, one must add terms )° B;, p, in the most general way so that one again ob- 
tains a group. Thus, if X; f,...,X;f is one of the found linear homogeneous groups, 
one has to determine all groups of the form: 


572 26 The General Projective Group 


n n 
Xf +) Oi Dis DY Buivi 
i=l 


i=1 
(kK=1--r; U=1--m, m<n). 


We do not want here to say anything more about the further treatment of these two 
reduced problems; rather, we refer to the third volume where the detailed studies 
about the projective groups of the plane and of the thrice-extended space will be 
brought. 

By contrast, we do not want to neglect to draw attention to the geometrical signi- 
fication that the decomposition just said of the problem in question has. 

To this end, we imagine that the group (9) is prolonged, by regarding, as in 
Chap. p. [526]sq., the x as functions of an auxiliary variable ¢ and by taking with 
them the differential quotients dx;/dt = x;. In the process, we obtain the group: 


YD aiexi Pe + Y, bi (api —xnpn) HEY xe PRAY, dk Pe 
+) ainx; Py + Yi (xD; —xnPh) HOY x Pes 


in which the terms in the x; determine for themselves a group, namely precisely the 
group (10) just found. But now, as we have seen loc. cit., the x; can be interpreted 
as homogeneous coordinates of the directions through the point x,,...,x, of the Ry. 
The fact that the x; are transformed for themselves by the above group therefore 
means nothing else than the fact that parallel lines are transferred to parallel lines 
by every linear transformation of the x; the directions which a determined system 
of values i, associates to all points of the R, are indeed parallel to each other. But 
every bundle [BUNDEL] of parallel lines provides a completely determined point on 
the plane M,,_; at the infinity of the R,, hence x},...,x}, can be virtually interpreted 
as homogeneous coordinates of the points on the infinitely far plane M,_, and the 


group: 
(11) Y ainx; P+ Y bi iP; — XP) +0 YK Pe 


therefore indicates how the infinitely far points of the R, are transformed by the 
group (9). At the same time, it is yet to be observed that the infinitesimal transforma- 
tion ) x; p/, leaves fixed all infinitely far points, so that these points are transformed 
by the last group exactly as if c would be zero. 

At present, we have the inner reason for the decomposition indicated above of 
the problem of determining all linear groups of the R,. The groups in question are 
simply thought to be distributed in classes, and in each class are reckoned all the 
groups for which the group (11) is the same, so that the infinitely far points of the 
R,, are transformed in the same way (cf. for this purpose Theorem 40, p. [239). 


141. 


In order to give at least one application of the general considerations developed 
just above, we want to determine all linear groups of the R, which transform the 
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infinitely far points of the R, in the most general way. For all of these groups, the 
associated group (11) has the form: 


| Pen fe of Edt F ‘ 
XiPks Xi Pi -~ XP (i, k=1--n, izk), 


where in certain circumstances, the transformation x; p +---+.), p/, can yet occur, 
which leaves individually fixed all infinitely far points. The infinitely far points 
are thus transformed by an (n* — 1)-term group and to be precise, by the general 
projective group of an (n — 1)-times extended space. 

Each one of the sought groups must contain n* — 1 infinitesimal transformations 
out of which none can be linearly deduced which leaves invariant all infinitely far 
points, hence none which possesses the form: y )}j; xj pj +L %Px- Therefore, the 


group surely contains n? — | infinitesimal transformations of the form: 


n 


n 

Xj Pk Cig y XjPjr y Biky Pv (iZk) 
i=] = 
(12) J v=1 


n n 

Xj Pi — Xn Pn + A », AF Pir » Biv Py. 
j=l v=1 
In addition, one or several infinitesimal transformations of the form: y )}j x; pj + 
Yv W Pv can yet occur. 

If a group of the demanded sort contains a translation, then it contains all trans- 
lations. Indeed, if p; +e2 p2+--:+ npn is the translation in question, we make a 
combination of it with: 


n nA 
X1 Pet Ok y Xj Pjr »y Biky Py (k=2---n) 
j=l v=l 
and we obtain in this way p2,..., P, and therefore all p;. 


Consequently, we want at first to assume that all translations appear. Then if 
there is yet the transformation )’ x; p;, we have the general linear group itself. By 
contrast, if the transformation )’ x; p; is not extant, we obtain by combination of the 
transformations (12) in which we can set beforehand the B;,, and By equal to zero: 


n n 
spat Y Xj Djs Xk Pit Ui » xpi] = Xj Pi — Xk Pk, 
j=l j=l 


so that all the a; are zero. But in addition, it comes: 
n 
[un —Xk Pky Xi Pk + Aix >» +p; = 2X) Px. 
j=l 


The concerned group is therefore the special linear group. 
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If in the sought group there is absolutely no translation, but by contrast a trans- 
formation: 


n 


(13) Yi xypit YS wev=¥ (+) vs, 
j=l v=1 


i=] 


then all a, and all a; can be set equal to zero. If we yet write the infinitesimal 
transformations (12) in the form: 


(xi+ 7) Pet+ Y Biey Pv (i2k) 


v=1 
(x; + Yi) Bi _ (tn + Yn) Pn + » By Pv; 


v=1 


we then realize immediately by combination with ¥ (x;+ ¥) p; that all 67, and Bi, 
vanish and we thus find the group: 


(xi + %) Pe (i, k=1-~n). 


Lastly, if there also occurs no transformation of the form (13), then one obtains 
at first by combination from (12) that all a, and @; are equal to zero. Furthermore, 
it comes: 


n n 
ip y Biky Pv, Xk Pit » Briv Pv | =i Pi —Xk Pk + Birk Pi — Bri Pr, 
v=1 v=1 


and in addition: 


n 
(i+ Baa) ps ~ (set Bua) Xi Pk + y Bikv Pv 


v=1 
= 2x; pe +2 Bizx Pe — Biki Dis 
so that all Bj) vanish with the exception of the Bj, and Bx;;, by means of which also 
the Bj, can be expressed. 


Now, if n > 2, the Bj, could vary with k; however, this is not the case. Indeed, if 
we replace i and k firstly by k, j and secondly by j, i in: 


(xi + Bina) Pi — (Xe + Brat) Px 


and if we add together the three obtained infinitesimal transformations, then the sum 
must vanish, since no translation should occur. So we obtain: Bix = Bij; and so on. 
Thus, if we write shortly B; for Bizz, we have the group: 


(xi + Bi) Px, (x; + Bi) pi — (xe + Be) Pe (i2k). 
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With that, all cases are settled. If, in the two latter forms of groups [GRUPPENFOR- 
MEN], We yet introduce x;+ y; and x;+ B; as new x;, respectively, we may recapitulate 
our result as follows: 


Theorem 102. The general linear group in n variables contains only three different 
sorts of subgroups which transform the points of the infinitely far plane in an (n? — 
1)-term way, as does the general linear group itself: firstly, the special linear group 
and secondly all groups that are conjugate to the two homogeneous groups: 


Xi Pk Xi Pk Xi Pk —-XkPk (i2k). 


Here, we thus have a characteristic property which is common to all these groups 
already known to us. By contrast, the distinctive marks of the four groups in ques- 
tion are briefly the following: The general linear group leaves invariant the ratios of 
all volumes; the special linear group leaves invariant all volumes. The general and 
the special linear homogeneous groups differ from the general and the special linear 
groups, respectively, in that they yet leave invariant the point x; = 0. 


142. 


In the beginning of the previous paragraph, we have seen that the determination of 
all linear groups of the R,, is essentially produced as soon as all linear homogeneous 
projective groups of the R,, are determined. There is no special difficulty to settle 
this last problem when one knows all projective groups of the R,_;. At present, we 
yet want to show that. 

As we know, the general linear homogeneous group of the Rp: x; PE (i,k=1--n) 
contains an invariant subgroup with n? — 1 parameters, namely the special linear 
homogeneous group: 


XiPk, Xi Pi-—Xk Pk (i,k=1+--n, iZk). 


This last group is equally composed with the general projective group of the R,_1, 
so its subgroups can immediately be written down when all projective groups of the 
R,—1 are known (cf. about that the next chapter). After that, one finds the subgroups 
of the group x; px thanks to the following considerations: 

An r-term subgroup G; of the group x; px, is either contained at the same time in 
the group x; Px, Xj Pi — Xk Pk (izk) Or it is not. In the first case it would be already 
known, and in the second case, according to Proposition 7, p. it would have a 
G,;—, in common with the special linear homogeneous group. Hence, in order to find 
all linear homogeneous groups G, of this sort, we need only to add, to every G,_1: 
Xi f,...,Xr_-1f of the group x; px, Xj Pi — Xk PE (iS), aN infinitesimal transformation 
of the form: 


n len 
Yf= yi xupit y OK j Xk Pj (Lk Ox =0), 
i=l kj 


+ LIE, Archiv for Math. og Nat. Vol. IX, p. 103 and 104, Christiania 1884. 
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and to determine, by combination with X)f,...,X,—1f, all values of the a; 
which produce a group. Here, it is to be observed that the (r—1)-term group 
X\f,...,X;,—1' must obviously be invariant in the sought r-term group; we there- 
fore find, so to say, the most general values of the o,; when we seek the most 
general linear homogeneous infinitesimal transformation Y f which leaves invariant 
the given (r—1)-term group. Besides, we always find one r-term group, namely 
when we choose all oj; equal to zero. 

By taking into consideration the infinitesimal transformations X)f,...,X;—1f, 
one realizes that r— 1 of the o%; can be made equal to zero. Hence the smaller the 
number r is, the more some constants must be determined. But for small values of 
r, the following method is otherwise often more convenient: 

Indeed, the r-term subgroups of the group x; px, can yet in another way be dis- 
tributed in two categories; firstly, in the category of subgroups which contain the 
transformation )' x; pj —they can, under the assumptions made, be written down 
instantly — and secondly, in the category of subgroups which do not contain the 
transformation x; py +--:+Xy; Py. The r infinitesimal transformations of a group 
from the latter category must have the form: 


(14) Xf + o% Y xi Di, 
i=l 


where the X;f represent infinitesimal transformations of the special linear homoge- 
neous group. Because the transformation )° x; p; is interchangeable with all X;,f, for 
the execution of the bracket operation [KLAMMEROPERATION], it is completely indif- 
ferent whether the q; vanish or not; hence X;f,...,X, must themselves generate a 
group and to be precise, an r-term subgroup of the group x; Px, Xj Pi —Xk PE (iZK), ONC 
of those which we assume as known. Therefore, it only remains to determine the 
Q; in the most general way so that the infinitesimal transformations (14) generate 
a group. In certain circumstances, one can realize easily that certain of the a must 
vanish; indeed, if there is an equation of the form: 


[X;, Xx] = Xjf, 


then @; must necessarily be zero. 

If all [X;, X;] generate a p-term group (Chap. [15] Proposition 6, p.[270), then we 
can assume that the infinitesimal transformations are chosen so that all [X;, X;,] can 
be linearly deduced from Xj f,...,Xpf. Then we have a = --- = Q&p = 0, while all 
other ; can be different from zero. It must be specially studied in every individual 
case whether the different values of these parameters produce different types of 
linear homogeneous groups, or in other words, whether the concerned parameters 
are essential. The settlement of this problem for n = 2 and for n = 3 appears in the 
third volume. 


§ 143. 577 


§ 143. 


If an arbitrary linear homogeneous group G; is presented which is not contained in 
the special linear homogeneous group, then as we have already observed above, this 
G, comprises an invariant (r—1)-term subgroup whose infinitesimal transforma- 
tions are characterized by the fact that they possess the form: 


iZk n—l 


> ik Xi Pk + se dj (Xi Pi — Xn Pn): 
i, k =I 


If we now apply this observation to the adjoint associated to an arbitrary r-term 
PLOUPS AY seg yeh 


Ler af 
Eyf= y! Ckvs Ck > (Velen), 
k,s es 
then we recognize immediately that this adjoint group, when the r sums )°; cxyxz do 
not all vanish, contains an invariant subgroup whose infinitesimal transformations: 
A E\ f +-:-+A,E,;f are defined by means of the condition-equations: 


» Ay »» Ckvk = 0. 
v=1 k=1 


Lastly, if we remember that every group is isomorphic with its adjoint group, we 
obtain the 


Proposition 5. /f r independent infinitesimal transformations X,f ,...,X;f of an r- 
term group stand pairwise in the relationships: {X;, Xx] = Ys Ciks Xs and if at least 
one of the r sums V;, Cyxx is different from zero, then all infinitesimal transformations 
A,X f +---+A,X,f which satisfy the condition: 


3 Ay y Cykk = 9 
v=1 k=1 


generate an invariant (r — 1)-term subgroup| 


For a thorough study of the general projective group, one must naturally devote a special attention 
to its adjoint group Ye, Ex f and to the associated invariant systems of equations in the e; as well. 
Here only two brief, but important observations. 

If, as usual, one interprets the e, as homogeneous point coordinates of a space with n* +2n—1 
dimensions, then amongst all invariant manifolds of this space, there is a determined one whose 
dimension number possesses the smallest value. This important manifold consists of all points e; 
which represent either translations or transformations conjugate to translations. This manifold is 
contained in no even [EBEN] manifold of the space in question. Besides, the known classification of 
all projective transformations naturally provides without effort all invariant manifolds of the space 
C1,.+25@r. 


+ LIE, Archiv for Math., Vol. IX, p. 89, Christiania 1884; Fortschritte der Mathematik, Vol. XVI, p. 325. 
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For every infinitesimal projective transformation which is conjugate to a translation, all points 
of a plane M,,_; in the space x, remain invariant and simultaneously, all planes M,,_; which pass 
through a certain point of this M,,_;. Every transformation of this sort is completely determined by 
means of the firstly said plane M,,_; and by the distinguished invariant point of this plane. 

If n = 2, then as we can say, every projective transformation of the plane x;, x2 which is conjugate 
to an infinitesimal translation is completely represented by means of a line element. Accordingly, 
in thrice-extended space x1, x2, x3, every projective transformation conjugate to an infinitesimal 
translation is represented by a surface element, and so on. These observations will be exploited in 
the third volume. 


Chapter 27 
Linear Homogeneous Groups 


In the previous chapter, p. we have characterized the general linear homoge- 
neous group in n variables x;,...,x, as the most general projective group of the 
n-times extended space x1,...,%n,, or shortly R,, that leaves invariant the infinitely 
far plane M,,_; and simultaneously the point x; = --- = x, = 0. This group receives 
another meaning when one interprets x;,...,x, aS homogeneous coordinates in an 
(n — 1)-times extended space R,,_. In the present chapter, this interpretation shall 
be led at the foundation. 


144. 
We imagine that the transition from the ordinary Cartesian coordinates y),...,¥j—1 
of the (n — 1)-times extended space R,_1 to the homogeneous coordinates x1,...,Xn 


of the same space is procured by means of the equations: 
Xk 
Xn 


Ve = (k=1--n—-1). 


To the n?-term general linear homogeneous group: 


n 
(1) =) te (i=1--n) 
k=1 
then corresponds, in the variables y;,...,y,—1, the meroedrically isomorphic group: 


i 
p— Lpat ik Vk + Ain 


(2) == (k=1--n—1), 
he Onk Vk + Onn 


the (n? — 1)-term general projective group of the R,_;. Thus, to every linear ho- 
mogeneous transformation (1) corresponds a single projective transformation (2), 
hence a completely determined collineation of the R,_1, whereas conversely, to 
every projective transformation (2), there correspond in total co! different linear ho- 
mogeneous transformations (1). 


579 
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In addition, one can also establish a univalent invertible association between 
linear homogeneous transformations in x),...,x, and projective transformations in 
Y1,---,¥n—1 when one submits the constants 0, to the condition Y) + 11 --+ On = 1, 
hence when one considers instead of the general the special linear homogeneous 
group which is holoedrically isomorphic to the general projective group (2) (cf. 
Chap. [26] p.[561). We want to develop in details this association for the infinitesimal 
transformations of the two groups. 

The special linear homogeneous group in x1,...,x, contains the following n* — 1 
independent infinitesimal transformations: 


(3) Xi Pk, Xi Pi — Xk Dk (izk). 


In order to find the corresponding infinitesimal transformations in y1,...,¥n—1, we 
only have to compute, for each of the individual infinitesimal transformations just 
written, the increment: 


Xn bX; Xi OXp 
dyji= ———_ 


n 


(i=1---n—-1). 


In this way, we find the following table: 


XnPke=Uk, Xk Pn = —YeO1 91 +--+ Yn-1 Gn-1) 
(4) XEPE = Xn Pa = VEGEP VIE Ons = EPR =VIGe 
(i,k=1--n-1; iz), 


where q; is written for 0f/dy;. This table also provides inversely the infinitesi- 
mal transformations of the special linear homogeneous group (3) corresponding 
to every infinitesimal transformation of the projective group (2); indeed, from the 
equations (4), we obtain without effort: 


n(yiqit-+++¥n—1Gn-1) =*1 Pi t++*+%n Pn —NXn Pn 
NY Gk =NXk Pe — (K1 Pi t---+%Xnpn)- 


At present, it is also easy to indicate which oo! infinitesimal transformations of the 
general linear homogeneous group (1) correspond to a given infinitesimal transfor- 
mation of the projective group (2). Indeed, the infinitesimal transformation x; p1 + 
-++-+Xpn Py reduces in the variables y;,...,y,—1 to the identity, for all increases of 
the y,; vanish. Consequently, if the infinitesimal transformation Y f of the projec- 
tive group (2) corresponds to the infinitesimal transformation X f of the special 
homogeneous group (3), then all oo! infinitesimal transformations of the general 
homogeneous group (1) which correspond to Y f are contained in the expression 
Xf +c(x1 pi +:::+2XnPn), where c denotes an arbitrary constant. 


If a system of equations: 


Oe Vig os Yad ) =0 (k=1---m) 
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in yj,.--,¥,—1 admits a finite or an infinitesimal projective transformation, then nat- 
urally, the corresponding system of equations in the x: 


a,(=, eee 1) =0 (k=1---m) 


Xn Xn 


admits the corresponding finite or infinitesimal transformation of the group (3); but 
in addition, because of its homogeneity, it also admits yet the infinitesimal transfor- 
mation: x; Py +:--+Xp Dn- 

Conversely, every system of equations in x,,...,x, which admits x; py +---+ 
Xn Pn 18 homogeneous. But now, when we write a projective group of the R,_; in 
the homogeneous variables x1,...,xX,, we are concerned only with the ratios of the x, 
hence also, we are concerned only with systems of equations that are homogeneous 
in the x. So, when we have written in a homogeneous way the infinitesimal trans- 
formations of a projective group of the R,,_; with the help of the table (4) and when 
we want to look up at the associated invariant systems of equations, that is why we 
will always add yet the infinitesimal transformation x; py +---+ Xn Pn. The group 
in X1,...,X, obtained in this way is the true analytic representation in homogeneous 
variables of the concerned projective group of the R,_1. 

For the study of a projective group, if one also wants to take the infinite into 
consideration, then one must write the group in homogeneous variables. 


145. 


In the preceding paragraph, we have shown that the infinitesimal projective trans- 
formations of the R,—; can be replaced by infinitesimal linear homogeneous trans- 
formations in n variables. At present, we want to imagine that an arbitrary transfor- 
mation of this sort in x;,...,X, 1S presented, say: 


leon 
Xf = Yo ae xi pe, 
i,k 


and we want to submit it to a closer examination. Namely, we want to look for plane 
manifolds of the R,—; which admit the infinitesimal transformation in question. In 
this way, we will succeed to show that X f can always be given a certain canonical 
form after the introduction of appropriate new variables: x} = Y cix Xx. 

If a plane: M,_2: ¥ cjx; = 0 of the R,_; admits the infinitesimal transformation 
X f, then according to Theorem 14, p. it admits at the same time all finite trans- 
formations of the associated one-term group. Now, the M,,_2 admits the infinitesimal 
transformation if and only if the expression X (¥ c;x;) vanishes simultaneously with 
¥ cjx;. Since X(¥ c;x;) is linear in the x;, this condition amounts to the fact that a 


relation of the form: . . 
x( yy cx) =p y Ci Xi 
k=1 i=l 
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holds identically, where p denotes a constant. The condition-equation following 


from this: : F 
y (x auce-pei) x =0 


i=l \k=1 
decomposes in the n equations: 


(5) ayjcy +--+ (aij — P) ci; +--+ +anicn =0 (i=1-=n), 


which can be satisfied only when the determinant: 


at—-P ag +: an 
a2 a22-P--:- Gn 
(6) oe, | = Alp) 
ain a2n ss ann — P 


vanishes. This produces for p an equation of degree n with surely n roots, amongst 
which some can be multiple, though. Therefore in all circumstances, there is at least 
one plane M,-2: cy x, +++++¢nXn = 0 which remains invariant by the one-term 
group Xf. 

It is known that one sees in exactly the same way that every finite projective transformation, 
or, when written homogeneously, every transformation x; = Y° bixx, likewise leaves fixed at least 
one plane M,—2. In addition, this follows from the fact that every transformation x; = Y big-xx is 
associated to a one-term group Xf. 


If the equation A(p) = 0 found above has exactly n different roots p, then there 
are in total n separate planes M,-2 which remain invariant by the group X /; indeed, 
two distinct roots p; and ~2 of the equation for p always provide, because of the 
form of the equations (5), two distinct systems of values c,: cz: -++ : Cy. By con- 
trast, if there are multiple roots p, then various cases can occur. If, for an m-fold 
root p, the determinant (6) vanishes itself, but not all of its (n — 1) x (n— 1) deter- 
minants, then for the concerned value of p, exactly n — | of the equations remain 
independent of each other and the ratios of the c; are then determined all. To the 
m-fold root is hence associated only a single invariant plane M,,_2, but this plane 
counts m times. By contrast, if for an m-fold root not only the determinant (6) it- 
self is equal to zero, but if all its (n—1) x (n—1), ..., (n—q+4+1) x (n—q4+1) 
subdeterminants also vanish, whereas not all (n — q) x (n — q) subdeterminants do 
(q < m), then the equations (5) reduce to exactly n — q independent equations and 
amongst the ratios of the c;, there remain g — 1 that can be chosen arbitrarily. Thus 
in this case, the m-fold root p gives a family of «7?! planes M,—2 which remain 
individually invariant. 

It is easy to realize that a root of the equation A(p) = 0 is at least g-fold when all 
(n—q+1) x (n—q+1) subdeterminants of A(p) vanish for this root. Indeed, the 
differential quotients of order (q — 1) of A(p) with respect to p express themselves 
as sums of the (n —q+1) x (n—q+1) subdeterminants of A(p). 
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If we would assume that the duality theory is already known at this place, then 
we could immediately conclude that the infinitesimal transformation X f leaves in- 
variant at least one point in the R,-1. But we prefer to prove this also directly, 
particularly because we gain on the occasion a deeper insight in the circumstances. 

In the homogeneous variables x1,...,n, a point is represented by n — | equations 
of the form x; z — tee so the point will admit all transformations of the one-term 
group X f when x XXj —x? Xx; vanishes by virtue of the equations a) — xx =i; 
hence when n relations of the form: 


XXj = OX} (i=1+-n) 


hold. For the x; and for o, we therefore obtain the n condition-equations: 


ayy X, +++ + (ay — 0) xj +--+ + GinXn =0 Gate). 
If we disregard the nonsensical solution x; = --- = x, = 0, o must be a root of the 
equation: 
ai1-O 412 ++: Gin 
a a —-O ::- a 
A(o) = 21 22 Qn 
ani an2 "+ Ann — O 


and each such root produces an invariant point. The determination of the points 
which stay fixed by X f therefore conducts to the same algebraic equation as does 
the determination of the invariant plane: Mj_2: cy x1 +++: +¢nX%, = 0. 

Thus, if this equation of degree n has n different roots, then in the R,_1: 
Xj! Xg! +++ 12X,, not only n different planes M,_2: Y cgx~ = 0 remain invariant, 
but also simultaneously, n separate points. In the process, these n points do not lie 
all in one and the same plane M,,_2, because if n points stay fixed in a plane M,,_2, 
then necessarily, infinitely many points of the M,_2 keep their positions, which is 
excluded under the assumption made. We can express briefly this property of the n 
invariant points by saying that a nondegenerate n-frame [n-FLACH] remains invariant 
by Xf. 

If there appear multiple roots, then two cases must again be distinguished. If, for 
an m-fold root, not all (7 — 1) x (n— 1) subdeterminants of the determinant (6) van- 
ish, then this root gives an invariant plane M@,,_2 counting m times and an invariant 
point counting m times. By contrast, if, for the root in question, all (n—1) x (n—1), 
..., ("—q+1) x (n—q-+1) subdeterminants are equal to zero (¢ < m) without all 
(n —q) X (n—q) subdeterminants vanishing, then to this root is associated a family 
of oo7—! individually invariant planes M,,_2 and a plane manifold of ©7—! individu- 
ally invariant points. Therefore, the following holds 


Proposition 1. Every infinitesimal transformation: 
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Ln 
‘¥ Aki Xi Pk 
i, k 


in the homogeneous variables x,,...,Xy, or what is the same, every infinitesimal 
projective transformation in n— 1 variables: 


xX] Xn-1 
a a2. So 
Xn Xn 
leaves invariant a series of points x1: X2: +++ : X, and a series of planes M,_2: 


Cy Xp +-+++CnXp = 0. The points which stay fixed fill a finite number, and to be 
precise at most n, separate manifolds. Likewise, the invariant planes M,_> form a 
finite number, and to be precise at most n, separate linear pencils. 


If the infinitesimal transformation X f has the form: Y° x, px, then it actually leaves 
invariant all points x; : x2: --- : x, and naturally also, all planes M,_2: Y cjxj = 0. 


From what has been found up to now, one can now draw further conclusions. 
At first, we consider once more the special case where the equation of degree n 
discussed above has n different roots. Then there are n separate invariant planes 
Mn-2: Yj Cg Xi = 0 which form a true n-frame according to what precedes. We can 
therefore introduce: 


n 
/ 
X= » Chi Xi (k=1-+-n) 
i=] 


as new homogeneous variables and in the process, we must obtain an infinitesimal 
transformation in xj,...,x;, which leaves invariant the n equation x, = 0, hence 


which possesses the form: 
Xf = ay xX Py t+ +, Xn Pp- 


Under the assumptions made, X f can be brought to this canonical form. Naturally, 
no two of the quantities a',,...,a/, are equal to each other here, for the equation: 


(a, —p)--- (a,—p) =0 


must obviously have n distinct roots. 

Now, similar canonical forms of X f also exist when the equation for p possesses 
multiple roots. However, we do not want to get involved in the consideration of 
them, and we only want to show that there is a canonical form to which every 
infinitesimal transformation: 


Len 
Xf = Vo apex; pe 
ik 
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can be brought thanks to an appropriate change of variables: x), = Y Mix;, that is 
to say hence, thanks to an appropriate collineation of the R,-1, completely without 
paying heed to the constitution of the equation A(p) = 0. 

Since X f always leaves a point invariant, we can imagine that our coordinates are 
chosen so that the point: x; = --- = x, = 0 stay fixed. On the occasion, we find: 


n—1n—-1 


(7) Xf= d y Ain Xk Pi + > a, nk*k Pn =X ‘f+ > @ Xen: 


=1 i=1 


To the linear homogeneous infinitesimal transformation X'f in the n — 1 variables 
X1,...,;X,—1 we can apply the same process as the one which provided us with the 
reduction of X f to the form (7), and we obtain in this way: 


n—2 n—2 


Xf= d Yai Xk Dit y At - nk Xk Pn- 


=! i=1 


Here, we can again treat in an analogous way the first term of the right-hand side. 
Finally, we obtain the 


Theorem 103. Jn every linear homogeneous infinitesimal transformation with n 
variables, one can introduce as new independent variables n linear homogeneous 
functions of these variables so that the concerned infinitesimal transformation 
takes the form: 


41 X1 pi + (@o1 x1 +.€22%2) pz +++ + (Qn X41 +-+- + Gan Xn) Pn- 


It is of a certain interest to interpret the way in which this result has been gained. 

Since X f leaves a point invariant in any case, if we chose above such a point 
as corner of coordinates [COORDINATENECKPUNKT]: X1 = ++: = X,—1 = 0. The ratios 
X11: .X2: +++ 1 X,—-1 then represent the straight lines through the chosen point; simul- 
taneously with the points x; : x2: ---: Xp, these straight lines are permuted with each 
other by the transformation X f, and to be precise, by means of the linear transforma- 
tion X’f in the n—1 variables x1, ...,x,_ 1. But according to what precedes, a system 
of ratios x, : --+ : X,—, must remain unchanged by X’f, that is to say, a straight line 
through the point just said. If we choose this line as edge x; = --- = xX,_2 = 0 of our 
coordinate system, then the ratios x): --- : X,—2 represent the planes M? passing 
through this edge. In the same way, these M2 are permuted with each other by Xf; 
one amongst them surely remains invariant and gives again a closer determination 
of the coordinate system, and so on. 

In this way, one realizes that the coordinate system can be chosen so that X f 
receives the normal form indicated above. However, we want to recapitulate yet 
in a specific proposition the considerations just made, since they express a general 
property of the infinitesimal projective transformations of the R,_1: 


Proposition 2. By every infinitesimal projective transformation of the Ry-, there 
remain invariant: at least one point; through every invariant point: at least one 
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straight line; ...; and lastly, through every invariant plane M,_»: at least one plane 
Mn-2. 


146. 


In the essence of things, the results of the previous paragraph are known long since 
and they coincide in the main thing with the reduction to a normal form, due to 
Caucny, of a system of linear ordinary differential equations with constant coeffi- 
cients. 

In what follows, we will generalize in an essential way the developments con- 
ducted up to now, but beforehand, we must insert a few observations which, strictly 
speaking, are certainly subordinate to the general developments in Chap. |29} p. 
sq. 

Let an arbitrary r-term group G, with an (r —m)-term invariant subgroup G,;—n 
be presented, and let 7 denote an arbitrary transformation of the G,, while S denotes 
an arbitrary transformation of the G,_,,. Then according to the assumption, there are 
certain equations of the form: 


T'ST=S,, TS,T'=S, 


where S$, is again a transformation of the G;—,,, and in fact, a completely arbitrary 
one, provided only that one chooses the S appropriately. 

Now, if every transformation S$ leaves invariant a certain point figure [PUNKT- 
FIGUR] M, so that: 


then the following equation also holds: 
(M)TT ST =(M)T, 


and it shows that the figure (M) T admits every transformation T~! ST, hence actu- 
ally, every transformation S. 


Proposition 3. /f G, is an r-term group, if G;—m is an invariant subgroup of it, and 
lastly, if M is a point figure which admits all transformations of the G;—m, then every 
position that M takes by means of a transformation G, also remains invariant by all 
transformations of the G;—m. 


Now in particular, let the two groups G; and G,;—m be projective groups of the 
R,_, and let them be written down in n homogeneous variables. Let the figure M be 
a point. Then every individual point invariant by all S is transferred, by the execution 
of all transformations T, only to points which again admit all transformations S. 
Consequently, the totality of all points invariant by the group G,_,, also remains 
invariant by the group G,, though in general, the individual points of this totality 
are permuted with each other by the G,. 

Above, we saw that all the points which remain invariant by a one-term projective 
group can be ordered in at most n mutually distinct plane manifolds. Naturally, this 
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also holds true for the points which keep their position by our G;_,,. Hence, let M,, 
Mp, ..., Mp (Pp <n) be distinct plane manifolds all points of which remain fixed by 
the G;—m, whereas, out of these manifolds, there are no points invariant by the G;_. 
Now, if the group G; were discontinuous — the considerations made remain valid 
also for this case —, then the manifolds M,,...,Mp) could be permuted with each 
other by the G,. Not so when the G, is continuous, hence when it is generated by 
infinitesimal transformations, because if for instance M, would take new positions 
by means of the transformations contained in the G,, then these positions would 
form a continuous family. But now, we have just seen that M; can at most be given 
the finitely different positions M),...,Mp,). Consequently, no transformation of the 
G, can change the position of M,. In the same way, every other of the p M; naturally 
stays at its place by all transformations of the G,. 

At present, we want to add yet the assumption that m has the value 1. Let 
X\f,...,X,—-1f be independent infinitesimal transformations of the G,_, invariant 
in G,, and let X, f,...,X;-1f, Y f be the transformations of the G,; moreover, let 


xX] =0, ..., X7 = 0 be one of the plane manifolds M),...,Mp all points of which 
remain invariant by X;f,...,X;—1f. 
Since, as we know, Y f surely leaves invariant the manifold x; = 0, ..., x, = 0, it 


must have the form: 
leg n n 
Yf=)o agxpet YY ajay pj. 
i,k j=qt+1 v=1 


The points of the manifold in question are transformed by Y f (cf. Theorem 40, 
p.|239) and to be precise, by means of the transformation which is comes from Y f 


after the substitution xj = --- =x, = 0, namely: 
n n 
(8) » y AjvXy Pj> 
J=q+1 v=qtl 
here, the variables x71,...,X, are to be considered as coordinates for the points 
of the manifold. Now, the transformation (8) leaves invariant at least one point 
a, ia Se a, inside the manifold x; = --- = x, = 0, further, it leaves invariant a 


straight line passing through this point, and so on. 
Saying this, we have the 


Theorem 104. /f an (r+ 1)-term projective group X\f,...,X;f, Y f of the Rn—1 con- 
tains an r-term invariant subgroup X\f,...,X;f and if there are points of the Rn_1 
which remain invariant by all X;f, then every plane manifold consisting of such 
invariant points which is not contained in a larger manifold of this sort also admits 
all transformations of the (r +1)-term group. Besides, the points of each such man- 
ifold are are permuted with each other, but so that at least one of these points keeps 
its position by all transformations of the (r + 1)-term group. 
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Now, we will apply this theorem to a special category of linear homogeneous 
groups. 

Let X1 f,...,X;f be the infinitesimal transformations of an r-term linear homo- 
geneous group, and let, as is always possible, X; f,...,Xpf generate a p-term sub- 
group which is invariant in the (p + 1)-term subgroup X)/f,...,Xp+1, when p is 
smaller than r. Analytically, these assumptions find their expressions in certain re- 
lations of the form: 


itk-1 
Ee Xi+k = De Cig Xt (i=1--r—1; kK=1--r—i). 
s=l 
Now, if we interpret as before x1, ...,, as homogeneous coordinates of an R,_1, 


we then see that there always is in this R,_; a point invariant by X,f, moreover 
that there always is a point invariant by Xf and by X2/f as well, and finally, a point 
which actually admits all transformations X,f,...,X;f, hence for which relations 
of the form: 

XXj = Ak Xi (k=1--r;i=1--n) 


hold. If we choose the variables x; so that x; = --- = x,—1 = 0 is this invariant point, 
then in each of the r expressions: 


Af = Ga pi capa, 


the n—1 first coefficients ;1,...,€%.n-1 depend only upon x),...,x%,—1. Conse- 
quently, the reduced expressions: 


Xi f = x pit-+++ ent Pat 
stand again in the relationships: 
itk-1 


IX), Xind= YL citsXof. 
s=l 


However, X/f,...,X/f need not be mutually independent anymore, but neverthe- 
less, we can apply to them the same considerations as above for X,f,...,X;-f, be- 
cause on the occasion, it was made absolutely no use of the independence of the X;f. 


Similarly as above, we can hence imagine that the variables x,,...,x,—1 are chosen 
in such a way that all €i1,...,€,n-2 depend only on x1,...,Xn—2. At present, the 
expressions: 


Xf = ara Pia Cen~2 Pn-2 


can be treated in exactly the same way, and so on. 
We therefore obtain the 


Theorem 105. /f X, f,...,X;f are independent infinitesimal transformations of an 
r-term linear homogeneous group in the variables x,,...,X, and if relations of the 
specific form: 
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itk-1 
Xi, Xi+x] = > City Xs f (i=1--r—1; k=1--r—i) 
s=l 
hold, then one can always introduce linear homogeneous functions of x,...,Xn aS 


new independent variables so that all X;f simultaneously receive the canonical 
form|| 


Ay X1 Py + (Aga X1 + Aga. X2) Pa +++ + (Agni X41 +++ + Akan Xn) Pn- 


On the other hand, if we remember that X1f,...,X;f is also a projective group of 
the R,_1, we can say: 


Proposition 4. /f X, f,...,X,f is an r-term projective group of the Rj, having the 
specific composition: 


i+k-—1 
[X;, Xie] = > Cie Xf (i=1--r—1; k=1--r—i), 
s=l 


then in the R,_, there is at least one point Mo invariant by the group; through every 

invariant point, there passes at least one invariant straight line; ... ; through every 

invariant plane M,_3, there passes at least one invariant plane My_». In certain 

circumstances, several (infinitely many) such series of invariant manifolds Mo, M,, 
.., M,_2 are associated to the group. 


If we maintain the assumptions of this last proposition and if we assume in ad- 
dition that in the space x1: x2: -:+Xn, already several invariant plane manifolds 
Mp,;---;Mp, are known, about which each one is contained in the one following 
next, then amongst the series of invariant manifolds Mop, M,, ..., M,—2 mentioned 
in Proposition 4, there obviously is at least one for which Mp, coincides with Mp,, 
at least one for which Mp, coincides with Mp,, ..., at least for which Mp i coincides 
with Mp,. 


147. 


Apparently, the studies developed above certainly have a considerably special char- 
acter, but this special character is the very reason why they nevertheless possess a 
general signification for any finite continuous group, because for every such group, 
an isomorphic linear homogeneous group can be shown, namely the associated ad- 
joint group (Chap. [16). 

Amongst other things, we can employ our theory mentioned above in order to 
prove that every group with more than two parameters contains two-term sub- 
groups, and that every group with more than three parameters contains three-term 
subgroups. 

Let X,f,...,X;f be an arbitrary r-term group and let: 


+ LIE, Archiv for Math., Vol. 3, p. 110 and p. 111, Theorem 3; Christiania 1878. 
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Leer 2 
Exf = » cies (k=1---r) 


be the associated adjoint group, so that the relations: 
[Xi, X;] = = Cis Xsf, [E;, E;| = y Ciks Es f 


hold simultaneously. 
We claim that in any case, X;f belongs to one two-term group, hence that an 
infinitesimal transformation Az X> f +---+A,X;f exists for which one has: 


[X1, A2Xot+-+A-X)=pRiftu Yo AXef. 
k= 


This condition represents itself in the form: 


I i 


aed CiksXsf =PXi f+ Y AXef, 


k=2 
and it decomposes itself in the r equations: 
y AkCiki = P 
k=2 
(9) ; 
3 Ak Ciks = HAs (s=2--r). 


k=2 


Here, this obviously amounts to satisfying only the last r — 1 equations; but one 
sees directly in the simplest way that this is possible. Indeed, one obtains for w the 
equation: 


ciq2—-M C32 tt C1 
C123, C133 — WM s CIZ3 
C12r Ci3r 8 + * Clrr— EL 


which always possesses roots; for this reason, there always exists a system of A, not 
all vanishing which satisfies the above conditions and which also determines p. 

But the fact that the equations (9) may be satisfied is also an immediate con- 
sequence of our theory mentioned above; although this observation seems hardly 
necessary here, where the relationships are so simple, we nevertheless do not want 
to miss this, because for the more general cases that are to be treated next, we will 
not make it without this theory. 

In the infinitesimal transformation: 
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r r r Of 
-hd omer SE = Lez 


of the adjoint group, all €; are free of e;, since c11; is always zero. Now, the cut linear 
homogeneous infinitesimal transformation €) p2 + ---+ €-p,; in the r—1 variables 


€7,...,é, Surely leaves invariant a system e2: --- : e;; So itis possible to satisfy the 
equations: 
‘ 
oy Chliek = Oj (i=2--r), 
k=2 


but these equations differ absolutely not from the last r — 1 equations (9), since one 
has cy4; = — C14; indeed. 

At present, we can state more precisely our claim above that every group with 
more than two parameters contains two-term subgroups, in the following way: 


Proposition 5. Every infinitesimal transformation of a group with more than two 
parameters is contained in at least one two-term subgroup 


At present, we want to assume that X, f and X2f generate a two-term subgroup, 
so that a relation of the form: 


[X1, Xo] =c121 Xi f +122 Xf 


holds; we claim that, as soon as r is larger than 3, there also always exists a three- 
term subgroup in which Xf and Xf are contained. 

At first, of the constants cj2; and cj22, when the two are not already zero, we can 
always make one equal to zero. In fact, if, say, cj2; 1s different from zero, then we 
introduce X; f + an Xe f as new X1f and we obtain: 


[X1, Xo] = cia Xf. 


Thus, every two-term group can be brought to this form. 
If A3X3f +---+A,X; is supposed to generate a three-term group together with 
X,f and X2f, then one must have: 


[X1, A3X3+---+A, X,| = 0X, f+OnXof + uy (AsX3f +---+1,X-f) 


10 
on [Xo, 3X3 +---+A,-X-] = Bi Xif t+ BoXof t+ v(AsX3f +--+ +,X,f). 


From this, we obtain the following condition-equations: 


+ LIE, Archiv for Math. Vol. 1, p. 192. Christiania 1876. 
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Y Agcia = G1, e AK C112 = A, 
k=3 k=3 
(11) Yo Ax com = Bi, YAK Cox = Bo, 
k=3 k=3 
y Cig Ag = DAs, » Corks Ak = VAs (s=3--r). 
k=3 k=3 


As one has observed, it is only necessary to prove that the 2(r — 2) equations in 
the last row can be satisfied, since the remaining equations can always be satisfied 
afterwards. 

In order to settle this question, we form the infinitesimal transformations: 


which, as we know, stand in the relationship: 


[E1, Eo] = cia Ex f. 


Since all cj1;, C22; and the cj22,...,C12- are equal to zero, both e; and e2 do not 
appear at all in €;3,...,€,;, €23,..-,€2,. The reduced expressions: 
_ r Of _ r Of 
Eif=) ais, Exf =) &j—— 
i=3 Oi 3: 
therefore are linear homogeneous infinitesimal transformations in e3,...,e, and they 


satisfy the relation: 
[E1, £2] =cin Erf. 


According to what precedes, it follows from this that there exists at least one system 
€3: +++ : ey which admits the two infinitesimal transformations EF, f and E> f, hence 
which satisfies conditions of the form: 


F la 

y Chliek = Oi, s CK2i Ck = Tj (i=3-~7). 

k=3 k=3 
But this is exactly what was to be proved, for these last equations are nothing else 
than the last equations (11), about which the question was whether they could be 
satisfied. Naturally, the quantities 1, OQ, B,, Bz are also determined together with 
the Ki. 

Since we can choose in all circumstances A3,...,A, so that equations of the 

form (3) hold, we can say: 
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Theorem 106. Every infinitesimal transformation and likewise every two-term sub- 
group of a group with more than three parameters is contained in at least one three- 
term subgroup|! 


One could be conducted to presume that every three-term subgroup is also con- 
tained in at least one four-term subgroup, and so on, but this presumption is not 
confirmed. Our process of proof could be employed further only when every three- 
term group X; f, X2f, X3 could be brought to the form: 


[X1, Xo] = cia Xf, [X1, X3] = c131 Xi f + e132 Xof 
[X2, X3] = co31 Xi f +232 Xf, 


hence not only when X;f would be invariant in the group Xj f, X2, but when this 
last group would also be invariant in the entire three-term group. 
But for all three-term groups of the composition: 


[X1, Xo] = Xf, [X1, X3] =2 Xf, [X2, X3] = X3f, 


this is not the case (Chap. [15] Proposition 12, p.[277). 

Still, we want to briefly dwell on a special case in which an m-term subgroup is 
really contained in an (m+ 1)-term subgroup. 

Let an arbitrary r-term group X,f,...,X;f be presented which contains an m-term 
subgroup X1f,...,Xmf having the characteristic composition: 


itk-1 
Xp Mud = Yo cries Xf (i<m, it+k<m) 
s=1 


already mentioned. We claim that there always exists an (m+ 1)-term subgroup of 
the form: 
ALF incyhrd ; Agri Donal f Poe Agar 


Our assertion amounts to the fact that certain relations of the form: 


m Fr 


[Xj, Am+1Xm+1 +---+1,X,| — > Oj Xf + Yj y AsXsf 
k=1 s=m+1 


(j=1--m) 


hold. By decomposition, it comes: 


Mic jin = Mt Cid 
(12) oa 
yy Nic jis = Lj As (G=1--m; s=m+1--r). 


i=m+1 


+ LIE, Archiv for Math. Vol. 1, p. 193, Vol. 3, pp. 114-116, Christiania 1876 and 1878. 
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Thus, the question is whether the last m(r—m) equations can be satisfied; then 
always, the first m2 equations can be satisfied. 
In order to settle this question, we form the m infinitesimal transformations: 


which satisfy in pairs the relations: 


i+k-1 
[Ei, Ej+4] = d Ci, i+k,s Esf (i+k<m). 
We observe that all cj,4,m41, ---, Cjkr vanish for which j and k are smaller than 
m-+ 1, and from this we deduce that in E) f,...,Eimf, all coefficients € m41,...,€kr 
are free of e1,...,€. The reduced infinitesimal transformations: 
= : Of 
Ekf= D0 & ao (k=1--m) 
i=m+1 ei 
in the variables e,,+1,...,e, therefore stand pairwise in the relationships: 
_ i+k-1 _ 
[Ei, Ex] = y CiitksEsf (i+k<m) 
s=1 
and consequently, according to Proposition 4, p.|589} there is a system € 41: -++ : e; 


which admits all infinitesimal transformations E| f,...,E,,,f. But this says nothing 
but that it is possible to satisfy the equations: 


7 
y C jks j = Ones (k=1--m;s=m+1--r). 
jJ=m-+1 


But these equations are exactly the same as the equations (12) found above and thus, 
everything we wanted to show is effectively proved. 


Theorem 107. /f in an r-term group X,f,...,X;f, there is an m-term subgroup 
X1f,..-,;Xmf having the specific composition: 


i+k—1 
[Xi, Aix] = d Ci,it+k,s Xf (i<m, it+tk<m), 


then this m-term subgroup is always contained in at least one (m+ 1)-term sub- 
grouplil 


+ LIE, Archiv for Math., Vol. 3, pp. 114-116, Christiania 1878. 
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We yet want to derive the theorem stated just now also thanks to conceptual consid- 
erations, by interpreting, as in Chap. the infinitesimal transformations e; Xf + 
----+e,X,f of our group as points of an (r — 1)-times extended space with the ho- 
mogeneous coordinates e1,...,é;. 

Since the group Xf,...,Xmf,...,X;f 1s isomorphic with its adjoint group: 
E\f,...,Emf,...,E,+f, then under the assumptions made, E\/f,...,Emf satisfy 
relations of the form: 


itk-1 
Ei, Ei+x] = > Ciitk,sEsf (i+k<m), 
s=1 


hence they generate a subgroup which, in the space e;, is represented by the (m—1)- 
times extended plane manifold: 
e€m+1 = 0: Bandy e, = 0. 


This plane manifold naturally admits the subgroup E)f,...,£),,f, and the same ob- 
viously holds true of the family of all m-times extended plane manifolds: 


ne, PN 

Cmt+1 Cm+2 ey 
which pass through the manifold e,,,; = 0, ..., e; = 0. But since the parameters 
Cm+1: °°: 1 e,; are transformed by a linear homogeneous group which is isomorphic 


with the subgroup E\f,...,Emf (Chap. Proposition 5, p. [478), then amongst 
the m-times extended manifolds of our invariant family, there is at least one which 
remains invariant by the subgroup E) f,..., Ef. This m-times extended manifold is 
the image of an (m+ 1)-term subgroup of the group: X,f,...,X;f (cf. Proposition 5, 
p. 295). 

The conceptual considerations made just now which have again conducted us to 
Theorem 107 are in essence identical to the analytical considerations developed ear- 
lier on. However, the synthetical explanation is more transparent than the analytical 
one [DOCH IST DIE SYNTHETISCHE BEGRUNDUNG DURCHSICHTIGER ALS DIE ANALYTISCHE]. 


For the studies about the composition of transformation groups, it is actually ad- 
visable to set as fundamental the interpretation of all infinitesimal transformations 
e,X,f+---+e,X,f as the points of a space which is transformed by the linear 
homogeneous adjoint group. Thanks to a example, we will yet put in light the fruit- 
fulness and the simplicity of this method which shall also find multiple applications 
in the third volume, and at the same time, we will derive a new remarkable state- 
ment. 

We consider an r-term group X1/f,...,X,f, the infinitesimal transformations of 
which are linked together by relations of the form: 
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i+k—1 
[Xi, Xp a| = L Ci, i+k, sXs 2 


The infinitesimal transformations FE) f,...,£,f of the adjoint group then satisfy the 


analogous equations: 
itk—1 


bo Ee = pE Cj, i+k,s Esf. 


Consequently (Proposition 4, p. 589), the space e;, contains at least one point 
invariant by the adjoint group. ae every point of this sort, there passes at least 
one invariant straight line M), through every such straight line, there passes at least 
one invariant plane M2, and so on. 

Now, if we interpret the points e, as infinitesimal transformations, we see that 
our r-term group: X;f,...,X;,f contains at least one invariant one-term subgroup; 
next, that every invariant one-term subgroup is contained in at least one invariant 
two-term subgroup; next, that every invariant two-term subgroup is contained in at 
least one invariant three-term subgroup; and so on (cf. p.[288). 

Thus, the following holds true. 


Theorem 108. /f an r-term group contains r independent infinitesimal transforma- 
tions Y, f,...,Y,f which satisfy relations of the form: 


i+k—1 
Yeree| = d Ci,i+k, ell; 


then at the same time, it contains r independent infinitesimal transformations 
Z, f,..-,;Z,f between which relations of the form: 


i+k—1 
Zp 7 344\S d Ci, i+k,s Zsf; 


hold; then Z\f,...,Z;f generate for every i <r an i-term subgroup ©; and to be 
ei every 6; is invariant in every ©;,, and in the group itself Y, f,...,Y,-f as 
well 


If we maintain the assumptions of this theorem and if we assume in addition 
that by chance, several invariant subgroups, say Gp,, Gp,, ..., Gp, are known, of 
which each one comprises the one following next, then it becomes evident (cf. the 
concluding remarks of the § 146) that the subgroups 6; discussed in Theorem 108 
can be chosen in such a way that Gp, coincides with Gp,, that Gp, coincides with 
Gips9.004, that Sp, coincides with Gp,- 

On the other hand, when an r-term group: X,/f,...,X;f of the specific compo- 
sition considered here is presented, it is always possible to derive certain invariant 


+ LIE, Archiv for Math., Vol. 3, p. 112 and p. 113, Christiania 1878; cf. also Vol. IX, pp. 79-82. 
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subgroups by differentiation. Indeed, all [X;, X;] generate a firstly derived invari- 
ant subgroup with say 7; <r independent infinitesimal transformations. If, as in 
Chap. [15] p.[274] we denote them by X;f,...,X/, f, then all [X/, X/] generate a sec- 
ondly derived invariant subgroup of the r-term group with, say, r2 < 7; independent 
infinitesimal transformations X;'f,...,X;,f, and so on. 

It is therefore possible to bring our group to a form U;f,...,Uif,...,U;f such 
that firstly for every i, the infinitesimal transformations U,f,...,U;f generate an 
invariant subgroup, such that secondly all [U;, U,| can be linearly deduced from 
Ui f,...,U,,f, such that thirdly all Ui, U;], (Ua, Up] can be linearly deduced from 
U,f,...,U,,f, and so on. 


Chapter 28 

Approach [Ansarz] towards the Determination 
of All Finite Continuous Groups 

of the n-times Extended Space 


It is unlikely that one becomes close to be in the position of determining all finite 
continuous transformation groups; indeed, it is even uncertain whether this will ever 
succeed. Therefore, instead of the general problem to determine all finite continuous 
groups, one would do well to tackle at first more special problems which concern 
the determination of certain categories of finite continuous groups. Namely, more 
special problems of this kind are the following three: 


Firstly the determination of all r-term groups in 7 variables. 
Secondly the determination of all r-term groups in general. 
Thirdly — the determination of all finite continuous groups in n variables. 


In Chap. p. sq., we have shown that the settlement of the first of these 
problems, aside from executable operations, requires in any case only the integration 
of simultaneous systems of ordinary differential equations. Moreover, we found that 
the second of our three problems can be led back to the first one (Theorem 84, 
p. 463). 

By contrast, the third problem is not at all settled by means of the developments 
of the Chap. Namely if n > 1, then for every value of r, how large can it be 
though, there always are r-term groups in n variables. For instance, if one chooses 
r functions F),...,F; of x1,...,X,—1 so that between them, no linear relation of the 
form: 

oF +-:-+c¢,F=0 


with constant coefficients holds, then the r infinitesimal transformations: 


of Of 
FRiyiitaa) sees Pitted) 
are mutually independent and pairwise exchangeable, hence they generate an r-term 


group in the n variables x1,...,Xn. 

In spite of the important results of the Chap. the third one of the problems 
indicated therefore still awaits for a solution. This is why we will tackle this problem 
in the present chapter and at least provide an approach towards its settlement. 


599 


600 28 Approach towards the Determination of All Finite Groups of the R, 


In the sequel, we decompose the problem of determining all groups of an n-times 
extended space R,, in a series of individual problems which are independent of each 
other. We make it to thanks to a natural division of the groups of the R, in classes 
which are selected in such a way that the groups of some given class can be deter- 
mined without it to be necessary to know any of the groups of the remaining classes. 
Admittedly, we cannot indicate a general method which accomplishes in every case 
the determination of all groups of a class; nonetheless, we provide important state- 
ments about the groups belonging to a given class and on the other hand, we develop 
a series of considerations which facilitate the determination of all groups in a class; 
in the next chapter, this shall be illustrated by special applications. For these gen- 
eral discussions, we essentially restrict ourselves to transitive groups, because our 
classification precisely is of specific practical meaning for the transitive groups. 

This finds good reasons in the fact that later (in the third Volume), for the deter- 
mination of all finite continuous groups in one or two or three variables, we will 
exploit only in part the developments of the present chapter. For the determination 
of the primitive groups of a space, the process explained here is firmly effective; 
not so for the determination of the imprimitive groups, and rather, it is advisable 
to take a different route. Every imprimitive group of the R, decomposes this space 
in an invariant family of manifolds and transforms the manifolds of this family by 
means of an isomorphic group in less than n variables. From this, it results that one 
would do well to tackle at first the determination of all imprimitive groups of the Rn, 
when one already know all groups in less than n variables. Applying this fundamen- 
tal principle, we shall undertake in Volume III the determination of all imprimitive 
groups of the R» and of certain imprimitive groups of the R3. 


149. 
Let: ; 3 
ee ey) cf (k=1--1) 
i=1 xi 
be a completely arbitrary r-term group of the n-times extended space x,...,Xn, Or 
briefly of the Rn. 

Under the guidance of Chap. p. [525] we prolong this group by viewing 
X1,...,X, as functions of an auxiliary variable t which is absolutely not transformed 
by our group and by considering that the differential quotients: dx;/dt = x; are 
transformed by the group. In the 27 variables: x),...,Xn, x,---,X},, we then obtain 
the prolonged group: 


_ n a - 
Xf = d Exi(X) ath (x sa 1) 35 ae (k=1--r). 


As we know, as prolonged group indicates in which way the oo*”~! line elements: 
Miata: cae ae --- 2x), of the space x),...,X, are permuted with each other by 
the g group: X,f,...,X,f (cf. p.[527). 
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Every point: co ...,X2 in general position remains invariant by a completely de- 
termined number of independent infinitesimal transformations: e; X; f+---+e-X-f 
and to be precise, at least by r —n such transformations, and at most by r— 1. We 
want to denote by r — g the number of these independent infinitesimal transforma- 
tions and to suppose that: x; Tans een gf are such independent infinitesimal trans- 
formations; then they certainly generate an (r —q)-term subgroup of the group: 
Mf y.a«, M/F (cf. Chap. 12] p. 214] sq.). 

In the series expansions of XP f,...,X/_,,f with respect to the powers of the x;— 
i all terms of order zero are naturally lacking and there appear only terms of first 


or higher order: 


n n 0 
PF= ELE cleat vaat) te b SL peter. 
1 


v=1 


i= 


The group: x) Tease yo f leaves the point ce ...,x° invariant, but it permutes 
the line elements which pass through this point; how? this is what the associated 
prolonged group shows: 


n n P| 
Xif = y D2 Ole Ae «ces (ia) bE 
v=1 i=l Xy 


n n af 
a » es Okiv(X} 5+. Xp) Xp tees al. (k=1--r—q), 
v=1 \i=l Oxy 


and it transforms the co””—! Jine elements of the space X1,...,X, in exactly the same 
way as the group: vey Tes x. g/- Hence, if one wants to restrict oneself to the line 


elements which pass through the point a ...,x9, and to disregard the remaining 
ones, then under the guidance of Chap. [14] p. sq., one has to leave out, in the 


x f, all terms with the differential quotients of f with respect to x;,...,x, and to 
make the substitution: x; = ie sag ky = x in the terms remaining. The so obtained 
reduced infinitesimal transformations: 


l---n 0 
(1) Lif = » anv af, a9) SF (k=1+-r—g) 
i,v vy 


generate a linear homogeneous group in the n variables x/,,...,x),; this group, which 


is isomorphic with the group: ret 5 eer on gf» and naturally also, with the group: 


x oe oa f, indicates in which way the two groups said just now transform the 
oo”! line elements: x}: x5: ---x/, through the point x?,...,.x?. 

Visibly, the linear homogeneous group: L) f,...,L;—¢f is perfectly determined by 
the terms of first order in the power series expansions of X Hf Tawk. gf and there- 
fore, it contains as many essential parameters as the group: X , [re oe gf contains 
independent infinitesimal transformations of first order out of which no transfor- 
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mation of second order, or of higher order, can be linearly deduced. From this, it 
follows that one can set up the group: L) f,...,L,—¢f as soon as one knows how 
many independent infinitesimal transformations of first order the group: X1,...,X; 
contains in the neighbourhood of oat ...,X9 out of which no transformation of sec- 
ond or higher order can be linearly deduced, and in addition, as soon as one knows 
the terms of first order in the power series expansions of these infinitesimal transfor- 
mations. Conversely, as soon as one knows the group: L; f,...,Z,f, one can indicate 
the number of and the terms of those independent infinitesimal transformations of 
first order in the group: X,f,...,X;,f out of which no transformation of second or 
higher order in the x; — a can be linearly deduced. 

One can derive the linear homogeneous group: L) f,...,L,—¢f also in the following way: 

Since the question is about the way in which the directions through the fixed point: cae sic es are 
transformed, one may substitute the group: x? a eee Pa gf for the following: 


lon Pp) 
0 0 0, Of 
y Oi (X15 + Xn) 97) 5 (k=1--r—q) 
i,v xy 
which is obtained by leaving out all terms of second and higher order. Now, x —x?, sag Oe -x? can 
here directly conceived as homogeneous coordinates of the line elements through the point ae ae 
whence the group: 
ai 0 0 0 of 
y Opiy (217+ -+ Xn) =; ) s—<_ ar (k=1--r—q) 
iv O (xy —Xy) 


indicates how these line elements are transformed. This is coherent with the above. 


We have seen that the r-term group: X)f,...,X;f associates to every point 


Te ic x in general position a completely determined linear homogeneous 


group (1) which, though, turns out to be different for different points. At present, 
we study how this linear homogeneous group behaves after the introduction of 


some new variables. 


In place of x1,...,X,, we introduce the new variables: 
0.x 0 
(2) yi=VWwt Le avy —xy) +e ee) 
v=1 
hich i ies of xy — x? — x): as al 
which are ordinary power series of x) — xj, ..., X, —X,3 aS always, we assume on 


the occasion that the determinant: 


Yi tai “++ Ann 


is different from zero, so that inversely also, the x; are ordinary power series of 


YI —y?, Ls In —V. 
In y1,..-,Yn, let the X? receive the form: 
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— 3 { Bu x y; ) pe bot ai (k=1--r—q). 
v=1 


Oyy 


Then it is clear at first that the group which comes into existence from X1f,...,X-f 


after the introduction of the new variables y,,...,y, associates to the point ve aslye 
the linear homogeneous group: 

l--n af 
(1’) &f = y Buiv yi 57 (=1--r=4). 


But on the other hand, it is clear (cf. Chap. p. sq.) that the terms of first 
order: 


0) OF 
» Bry (y —y?) i Oyy 
of Y can be obtained from the terms of first order: 
oy Of 
Oki 
y Ki v( ) Ox 


of x f after the introduction of the new variables: 
n 
ay 4 y Gig lty =a) (i=1--n). 
v=1 


Consequently, it follows that the linear homogeneous group (1’) comes into exis- 
tence from the linear homogeneous group (1) when one introduces in (1), by means 
of the linear homogeneous transformation: 


n 
yi= >, diy Xy (i=1--n), 
v=l 
the new variables: y},...,y}, in place of the x’. 


In this lies the reason why the linear homogeneous group (1) is essentially inde- 
pendent from the analytic representation of the group: Xi f,...,X,f, that is to say, 
from the choice of the variables; indeed, if, by means of a transformation (2), one 
introduces new variables in the group: X,f,...,X;f, then the linear homogeneous 
group (1) converts into another linear homogeneous group (1’) which is conjugate 
to (1) inside the general linear homogeneous group of the R,, (cf. Chap. [16] p.[288). 
Thanks to an appropriate choice of the constants ajy in the transformation (2), one 
can obviously insure that the group (1’) associated to the point i becomes an arbi- 
trary group conjugate to (1). 

Now, we specially assume that the transformation (2) belongs to the group: 
X\f,...,X,f itself. In this case, (1’) is visibly the linear homogeneous group that 
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the group: X;f,...,X;f associates to the point: eee y?, and consequently, (1’) 
comes from (1) when one replaces the x° in the Oy (x?,...,x°) by the y?. But since 
the two groups (1) and (1’) are conjugate inside the general linear homogeneous 
group of the R,, we have the following 


Theorem 109. Every r-term group: X\f,...,X;f of the space x,,...,X, associates 
to every point Loe ...,X9 in general position a completely determined linear homo- 
geneous group of the Ry, which indicates in which way the line elements through this 
point are transformed, as soon as the point is fixed. To those points which can be 
transferred one to another by means of transformations of the group: X\f,...,X;+f 
are associated linear homogeneous groups which are conjugate inside the general 
linear homogeneous group of the Ry. In particular, if the group: X,f,...,X;f is 
transitive, then to all points which lie in no invariant manifold, it associates lin- 
ear homogeneous groups that are conjugate to each other inside the general linear 
homogeneous group. 


The above theorem which recapitulates the most important result up to now, pro- 
vides now the classification of all groups of the RX, announced in the introduction. 

We consider at first the transitive groups. 

We reckon as belonging to the same class two transitive groups G and I” when the 
linear homogeneous group that G associates to an arbitrary point in general position 
is conjugate to the linear homogeneous group that I” associates to such an arbitrary 
point. In the opposite case, we reckon G and I as belonging to different classes. 

Thus, we differentiate as many classes of transitive groups of the R,, as there are 
types of subgroups of the general linear homogeneous group of the R, (cf. p. 289). 
Later, we will see that to each one of such classes, there belongs in any case a 
transitive group of the Ry. 

If two transitive groups G and I" of the space x1,...,x, belong to the same class, 
then in the neighbourhood of any point on ...,x9 in general position, they obviously 
contain the same number of independent infinitesimal transformations of first order 
in the x; — - out of which no transformation of second or of higher order can be 
linearly deduced. In addition, since one can always, by introducing new variables, 
reshape I" so that it associates to the point a ...,x9 exactly the same linear homo- 
geneous group as does G, then in all cases, one can insure that the terms of first 
order in the infinitesimal transformations of first order in question are the same for 
the two groups. In addition, because they are transitive, G and I~ contain, in the 
neighbourhood of ee ...,x9, n independent infinitesimal transformations of zeroth 
order out of which no transformation of first or higher order can be linearly deduced; 
by contrast, the numbers of terms and the initial terms of second, third, ... orders 
can very well be different for I~ and for G. Here lies the reason why two transitive 
groups of the space x,...,X, which belong to the same class need absolutely not 
have the same number of parameters. 


We now turn ourselves to the intransitive groups. 
To every transitive group of the R, was associated a completely determined type of linear homo- 
geneous group of the R,,; for the intransitive groups, this is in general not the case. Every intransitive 
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group G of the R,, decomposes this space in a family of 0” ~4 (0 < g < n) individually invariant 
q-times extended manifolds M,, but so that the points of every individual M, are transformed transi- 
tively (cf. Chap.[13] p.[224). From this, it follows that G associates to all points of one and the same 
M, always conjugate linear homogeneous groups, but not necessarily to the points of different Mj. 

In general, our 0”? M, are gathered in continuous families so that conjugate linear homoge- 
neous groups are associated only to the points which belong to the Mj in the same family. If each 
such family consists of exactly 2” My, then the whole R, decomposes in oo” ~¢*” (gq +m)-times 
extended manifolds Mg+m and to every Mg+m is associated a completely determined type of linear 
homogeneous groups, while to different M,+m are associated different types too. So to our group 
is associated a family of oo” 4~” different types; the totality of all these types can naturally be rep- 
resented by certain analytic expressions with n — g — messential arbitrary parameters. We can also 
express this as follows: all the concerned types belong to the same kind of types [TYPENGATTUNG] 
(cf. Chap. [22] p.[453). 

Now, we reckon two intransitive groups of the R, as belonging to the same class when the same 
kind of type of linear homogeneous groups of the R,, is associated to both of them. 


105. 


We can use the classification of all groups of the R,, just described in order to provide 
an approach [ANsATz] towards the determination of these groups. But we will only 
undertake this for the transitive groups. 

If we imagine the variables chosen so that the origin of coordinates: x; = 0,..., 
Xn = 0 is a point in general position, then every transitive group of the R,, contains, 
in the the neighbourhood of the origin of coordinates, n independent infinitesimal 
transformations of zeroth order in the x;: 


Ss (i=1-+-n) 


out of which no transformation of first or higher order can be linearly deduced. 

Furthermore, every transitive group of the R, contains in general also certain in- 
finitesimal transformations of first order in the x; that depend, according to what pre- 
cede, on the class to which the group belongs. Now, since a completely determined 
class of transitive groups of the R, is associated to every type of linear homogeneous 
groups of this space, we want to choose any such type and to restrict ourselves to the 
consideration of those transitive groups which belong to the corresponding class. 

Let the m,-term group: 
(3) sae x" of (j=1 O<m <r2 

iT > a S1le-my;,;UNMy aN 
7m; IV i Ox, J 1 1 ) 

be a representative of the chosen type of linear homogeneous groups. Then accord- 
ing to the above, every transitive group of the R,, which belongs to the correspond- 
ing class can, by means of an appropriate choice of variables, be brought to a form 
such that in the neighbourhood of: x; = 0, ..., x, = 0, it contains the following m, 
independent infinitesimal transformations of first order: 
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(1) n n of | 
sh -»{ ays} SE (j=l 


v=1 i= 


These m, infinitesimal transformations TY) are constituted in such a way that out 
of them, no transformation of second or higher order can be linearly deduced and 
on the other hand, such that in every first order infinitesimal transformation of the 
group, the terms of first order can be linearly deduced from the terms of first order 
inT),..., 7). 

Besides, we already see now that in all circumstances, there is at least one transi- 
tive group which belongs to the class chosen by us; indeed, one such group can be 
immediately indicated, namely the (m +m, )-term group: 


of of ed - 
Oa. ans Fa, d ae (j=1--m)), 


and it is obtained by leaving out all terms of first, second, higher orders in the P; and 
in the re. 

Aside from the infinitesimal transformations of zeroth and first order already in- 
dicated, every group which belongs to our class can contain, in the neighbourhood 
of: x; =0,...,X, =O, yet a certain number of independent infinitesimal transforma- 
tions of second order, out of which no transformation of third or higher order can be 
linearly deduced, and moreover, a certain number of infinitesimal transformations of 
third, fourth, ... orders; but according to Theorem 29, p.[202) there always is an en- 
tire number s > | characteristic to the group of such a nature that the group contains 
infinitesimal transformations of second, third, ..., s-th orders, while by contrast, it 
contains no transformations of orders (s+ 1) or higher|| From this, it follows that 
the totality of all groups of our class decomposes in a series of subclasses: to each 
value of s there corresponds a subclass. 

Since there are infinitely many entire numbers s which are > 1, the number of the 
subclasses just defined is infinitely large, though every subclass needs absolutely 
not be represented effectively by a group. We will show how it can be decided for 
every individual value of s whether some groups belong to the concerned subclass; 
for all that, the question fundamentally is about values of s larger than 1 only, for 
we already know that the subclass: s = 1 contains some groups. 

Let so > 1 be an arbitrarily chosen but completely determined entire number; we 
ask whether there are groups in our class which belong to the subclass: s = so. 

If there are groups of this sort, let for instance G be one of them. If, for k = 
0,1,2,...,59, we leave out from the infinitesimal transformations of order k of G all 
terms of orders (k+ 1) and higher, then we obviously obtain independent infinites- 
imal transformations which generate a certain group I” and to be precise, a group 
which belongs to the subclass s = sg just as G. 


+ What we denoted by s in Theorem 29 is called here s + 1. 
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From this, it follows that the subclass: s = sp, as soon as it actually comprises 
groups, contains at least one group I” having the following specific constitution: I” 
is generated by the n + m infinitesimal transformations of zeroth and of first orders: 


: Ox; 


0 9f — FH _i of 
T qT; = d aaa 
(i=1--n; j=1--m)), 


and in addition, by m2 independent infinitesimal transformations of second order, 
by m3 independent ones of third order, ..., by ms, independent ones of so-th order; 
the general form of these transformations 1s: 


we ek of 
Te = L EP Cie fat) Oxy 
v= 


(kK=2,3---503 in =1,2---mg), 


where the €) are entire k-th order homogeneous functions of their arguments. At 
the same time, it results that to every group G which belongs to the subclass s = so is 
associated a completely determined group I” having the constitution just described. 

By executable operations, it can be decided whether there is a group I” which 
possesses the properties just described; by means of executable operations, one can 
even determine all possibly existing groups I’. 

In fact, the number of all possible systems: mz, m3, ..., ms, iS at first finite. 
Furthermore, if one has chosen such a system, one can always determine, in the 
most general way and by means of algebraic operations, mz + ----+ms, independent 
infinitesimal transformations: 

Th 


iy (k=2,3--503 ig =1,2---mp) 


which, together with the 1, ibe generate an (n+ m,+---+m,,)-term group. 
Indeed, for that, one only needs to determine in the most general way the coefficients 
in the functions EK) so that every transformation: 


k 
uw Ty (k, #=2,3+~59) 

may be linearly deduced from: 
Tee) imma a 


as soon as k+ UM — 1 < so, and vanishes identically as soon as k+ —1 > so. It 
is clear on the occasion that one obtains only algebraic equations for the unknown 
coefficients. 


In what precedes, it is shown that for every individual entire number so > |, it 
can be realized by means of executable operations whether there are groups of our 
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class which belong to the subclass: s = sg. But we possess no general method which 
accomplishes this for all entire numbers s > 1 in one stroke. Only in special cases, 
for special constitutions of the linear homogeneous group (3) did we succeed to rec- 
ognize how many and which ones of the infinitely many subclasses are represented 
by some groups. On the occasion, it happens that a maximum exists for the num- 
ber s, so that only the classes whose number s does not exceed a certain maximum 
really contain some groups (cf. the Chap. [29); however, for the existence of such 
a maximum, we do not have a general criterion. Nevertheless, we believe that it is 
possible to set up such a criterion. 

In consequence of that, we will restrict ourselves to explain how one can find 
all groups of our class which belong to a determined subclass, say in the subclass: 
s= so 2 lL. 

According to p. to every group of the subclass: s = so is associated a com- 
pletely determined group I of the same subclass with infinitesimal transformations 
which have a specific form described above. Now, since all groups I” of this sort 
which belong to the subclass: s = sg can be determined, as we know, by means of 
executable operations, we yet need only to show in which way one can find the 
groups of the subclass: s = sg to which are associated an arbitrarily chosen con- 
cerned group I’. 


Let: 
0) _ Of ()_ _% et) of 
ie Ox; qT; py Qjvary OXn = L Cin (x1, ,Xn) ae 
(4) he te B) 
1 = ¥° 68 fa ny 89) SE 
v=1 Vv 


(i=1--n3 f=1-my 3s ip=1 emg; K=2--- 59) 


be the n +m, +--++ ms, independent infinitesimal transformations of an arbitrary 
group amongst the discussed groups I’, and let the composition of this group be 
determined by the relations: 


Mk+pu-1 


TP T= ogy TE 


(5) nm=1 


(k, W=0, L-sq3 ip =1o-mes jp = mys my=n), 


in which the c of the right-hand side are to be considered as known and in particular, 
do vanish as soon as k + pt — 1 exceeds the number so. 

Every group © belonging to the subclass: s = sg to which is associated the 
group (4) contains n+ m,+---+ ms, parameters and is generated by the same 
number of independent infinitesimal transformations; these transformations have 
the form: 
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PF pu eH oF La. 
(6) i =f ’ LS = be Sivan) oo + 


(i=1--ny ig = lem; K=1 +50), 


where, generally, the left out terms are of higher order than those written. The 
question is nothing but to determine all groups, the infinitesimal transformations of 
which have the form (6). 

Evidently, the composition of a group with the infinitesimal transformations (6) 
is represented by relations of the form: 


() pH) (k+p-1) 
Ti, Pay, |= yy Ci, jy x Tr 
nm=1 
(7) SO 1---mz 
+ y; : Cogn 
tT=k+p Mr 


(kK, W=0, 1-593 ip=1- ms jp =1--my; mo =n). 


Here, the C are certain constants which, as is known, satisfy relations derived from 
the Jacobi identity (cf. Chap. [9] p.[179]sq.). 

We imagine that the concerned relations between the C are set up and that the 
most general system of C which satisfies them is computed. Since all the relations 
are algebraic, this computation requires only executable operations. In addition, the 


form of the relations (7) can be simplified by replacing every infinitesimal transfor- 
(k) 


mation of k-th order: i 


by another transformation of order k: 


ig ig 
(8) T=k+1 


(ig =1-+- KS k=0, 1-59), 


where it is understood that the P are arbitrary numerical quantities. Indeed, if one 
introduces the ¥ in place of the 7, one obtains in place of (7) relations of the form: 


Mk+p-1 
[x eu) = \ eieee 
m=1 
SO 1---m;_ 


a > ys Cijm Te 


T=k+p Or 


where, between the € and the C, a connection holds which can be easily indicated. 
Now, one will provide the P, which are perfectly arbitrary in order that the coeffi- 
cients € receive the simplest possible numerical values; thanks to this, one achieves 
a certain simplification. 
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If, in the equations (8), all P are chosen fixed, then we say that the infinitesimal 
transformation of k-th order: gh) is normalized. 

If one knows all systems of C which satisfy the relations mentioned a short while 
ago, then one therefore knows at the same time all compositions that a group of 
the form (6) can possibly have. Still, the question is only whether, for each of the 
so defined compositions, there are groups of the form (6) which have precisely the 
composition in question, and how these groups can be found, in case they exist. 

Thus, we imagine that an arbitrary system of values C is given in the equations (7) 
which satisfies the relations discussed, so that the equations (7) represent a possible 
composition of an (n +m, +---+ms,)-term group (cf. p.B04). 

At first, we realize easily that if there actually are groups of the form (6) which 
have the composition (7), then they all are similar to each other, whence they all be- 
long to the same type of transitive groups of the space x1,...,X, (Chap. 22] p.[441). 

In fact, if we have two groups 6 and 6’ which both possess the form (6) and 
the composition (7), then these two groups can obviously be related to each other 
in a holoedrically isomorphic way thanks to a choice of their infinitesimal transfor- 
mations so that the largest subgroup of 6 which leaves invariant the point: x; = 0, 
..., Xn = 0 corresponds to the largest subgroup of 6’ which fixes this point. Now, 
since under the assumptions made, the point: x; = 0, ..., X, =0 is a point in general 
position, then according to Theorem 76, p. these two transitive group © and 
©’ are similar to each other. But this is what was to be proved. 

Moreover, we will show that there always are groups of the form (6) which pos- 
sess the composition (7). 

We determine right at the front in a space Ry of N=n+m,+---+mzs, dimensions 
a simply transitive group: 


(9) Wf, wif (i=1---n; K=1---593 ig =1-+- mg) 


of the composition (7); according to Chap. pp. this is always pos- 
sible and this requires at most the integration of ordinary differential equations. 
Afterwards, we choose any manifold Jt of the Ry which admits the (N —7)-term 
subgroup: 

(10) WP et s05 etm) 


Ik 


of the group (9), but no larger subgroup; this property is possessed by every charac- 
teristic manifold (p.[112) of the (N —n)-term complete system: 


wf =0 (k=1-+593 ig=1-mg)- 


Through the oo” transformations of the group (9), I! takes precisely oo” different 
positions whose totality forms an invariant family. If we characterize the individual 
manifolds of this family by means of n coordinates x,,...,x,, we obtain a transitive 
STOUP 1 X15... <4 Xp! 
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(11) xO ¢, xy (i=1---n; K=1-++505 ig =1--- me) 
that indicates in which way the manifolds of our invariant family are permuted with 


each other by the group (9). This new group is isomorphic with the group (9) so that 
relations of the form: 


®) yw) ye (HD ye () 
” x; ? Xin = 2»; Cip ju Xr ies 2 25 Cit iu me Xt, f 
(7”) m=1 t=k+p Or 


(k, U=0, 1-893 ig =1- mgs jp =1--my ; mo =n). 


hold (cf. Theorem 85, p.[487) 

It can be easily proved that the infinitesimal transformations of the group (11) 
receive the form (6) after an appropriate choice of the variables x,,...,Xp. 

In order to conduct the concerned proof, we imagine above all that the variables 
are chosen so that St receives the coordinates: xj = 0, ..., X, = 0. Then obviously, 
all infinitesimal transformations: 

yar (k= 1-593 i= 1--mg) 
in the xy are of first or higher order, while by contrast: X : f,...,X°f are independent 
infinitesimal transformations of zeroth order, out of which no transformation of first 
or higher order can be linearly deduced; this last fact follows from the transitivity of 
the group (11). It is therefore clear that, notwithstanding our assumption just made, 


we can choose the variables x),...,X, so that X)f,...,X?f receive the form: 
7] 
xOp¢= OE ea (i=1--n). 
OX; 


After these preparations, we want at first to determine the initial terms in the 


; : beset ata : I 
power series expansions of the m, infinitesimal transformations X : ) hie 
We have: 


(ee pl) . 
x; T= >; Civ CE (j=1+-my), 


where it is understood that the ¢ (1) are linear homogeneous functions of their argu- 
ments. If we insert this expression in the n relations: 


n Sq. Lem 
x, x) = y cin XO f + >. y? Cin, XM? Ff (i=1---n) 
t=1 tT=1 TT 


and if we compare the terms of zeroth order in the two sides, it then comes: 
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of =< Of 
at — i —— f=1n 
E- OX; axty =2 Cijx OXn ( 1 ); 


hence all first order differential quotients of ¢ a are completely determined, and 
because of the known equation: 


jv _ ¢ (1) 
yx OX; ea, 


(1) 


also 6M) itself is completely determined. Now, since €; eater satisfies all 


JV 
differential equations which we have found just now, it results that: G4 =€ , and 
consequently: 
Dp el) C4, 
= 2 (Ri seseigat 1) = : (j=1---m)). 
»y JV Oxy 
In the same way, we find generally: 
n 0 
ree = » Ea, ses a) nesee (k= 1-595 ie =1---mg), 


v=1 


or in other words: we find that the infinitesimal transformations of the group (11) 
have the form (6). Evidently, here lies the reason why the N infinitesimal transfor- 
mations (11) are mutually independent, so that the group (11) is N-term and has the 
same composition as the group (9). 


Since, as we have seen just now, the group (11) is N-term, the group: 


(9) Ww. £, wif (i=1--n; K=1--5Q3 ip =1---mg) 


can contain no invariant subgroup which belongs to the group: 
k 
(10) wi ¢ ee eee 


(Theorem 85, p.[487). But one can also realize directly that there is no such invariant subgroup of 
the group (9); in this way, by taking the Theorem 85 into consideration, one obtains a new proof of 
the fact that the group (11) has N essential parameters. 

Every invariant subgroup of (9) which belongs to the group (10) obviously contains an infinitesi- 
mal transformation: 


Mp Sq. Lem 


= Dew: ety YS owe (p>1), 


k=p+l | 


in which not all the m, quantities p; vanish. Simultaneously with If, there appear in g also the n 
infinitesimal transformations: 
[W?, 2), ++, [We Ts 
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consequently, as one sees from the composition (7) of the group (9), there surely appears in g a 
transformation of the form: 


mp1 Mi 


SO 1 
mf= pwr Fey YS owas, 
t=1 


k=p % 


in which not all the m,_, quantities p{ are zero. In this way, one realizes finally that g must contain 
an infinitesimal transformation which does not belong to the group (10); but this contradicts the 
assumption that g should be contained in the group (10), hence there is no group g having the 
supposed constitution. 


The developments achieved up to now provide the 


Theorem 110. Jn the variables x,,...,Xy, let a transitive group be presented which, 
in the neighbourhood of the point: x; = 0, ..., X, = 0 in general position con- 
tains the following infinitesimal transformations: firstly, n zeroth order independent 
transformations of the form: 


0 of 70 _ of 
Ox,’ oes n OX’ 


and secondly, for every k = 1,2,...,8, mg > 0 independent k-th order transforma- 
tions of the form: 


T 


n ra 
7) = os EMC xn) f (k=1-+-5; ip=1---m), 


iZV 
v=1 Oxy 


where the E denote completely homogeneous functions of order k. Also, let the 
composition of the group be determined by the relations: 


Mk+p-1 
(k) +(H)] _ (k+u—1) 
Ti, ’ Mi _ L Cit jum Vm 
 — 


(k, W=0, 1-53 ip =1--mgs ju =1---mp; mo=n), 


where the c in the right-hand side vanish all as soon as k+  — 1 is larger than s. 
Then one finds in th following way all (n+-m, +---++ms)-term groups of the space 


X1,.--,Xy, the infinitesimal transformations of which possess the form: 
0) _ of ®_ > eH of 
T. = a 4cF T. — . sai n 
6) ogg 1 Te = Be Bayle) 5 + 


in the neighbourhood of: x; =0, ..., Xn = 0. 
One determines the constants C in the equations: 
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Mk+p-1 


Ts Te l= Ye eiiye Te 
t= 


(7) KY) 1---m,_ 
+ y y Cit in Tr TO 
tT=k+p Mr 


(kK, W=0, 1-83 ig =1 mgs ju =1---my ; mo =n) 


in the most general way so that they satisfy the relations following from the Jacobi 
identity. If this takes place, then the equations (7) represent all compositions that 
the sought groups may have. To every individual composition amongst these com- 
positions correspond groups of the form (6) which are all similar to each other and 
which can be found in any case by integrating ordinary differential equations || 


151. 


In the preceding paragraphs, we have reduced the problem of determining all tran- 
sitive groups of the R,, to the following four problems: 


Q. To find all types of linear homogeneous groups inn variables. 


If one has solved this problem, then in the neighbourhood of any point in gen- 
eral position, one knows the possible forms of the initial terms in all infinitesimal 
transformations of first order which can appear in a transitive group of the Ry. 


8. Assuming that, in the neighbourhood of a point in general position, the initial 
terms of the first order infinitesimal transformations of a transitive group of the Ry 
are given, to determine all possible forms of the initial terms in the infinitesimal 
transformations of second and higher order. 


€. To determine all compositions that a transitive group of the Rn can have, a 
group which, in the neighbourhood of a point in general position contains certain 
infinitesimal transformations of first, second, ..., s-th order with given initial terms, 
and which by contrast, contains no transformation of (s + 1)-th or higher order. 


®. Assuming that one of the compositions found in the preceding problem is 
given, to set up a transitive group which possesses this composition and whose 
infinitesimal transformations of first, ..., s-th order have the form given in the pre- 
ceding problem. 


If one knows one group having the constitution demanded in the last problem, 
then one knows all such groups, since these are, according to Theorem 110, similar 
to each other. 

The settlement of the first one amongst these four problems requires only exe- 
cutable, or said more precisely: only algebraic operations (cf. Chap.[12] p.[218]and 
Chap. [23] p.[497|sq.). By contrast, we did not succeed to reduce the problem % to a 
finite number of executable operations. The problem € again requires only algebraic 


+ LIE, Archiv for Math. Vol. X, pp. 381-389. 1885. 
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operations. Lastly, as we have shown in the previous paragraph, the problem D can 
in any case be settled by integrating ordinary differential equations. 

At present, we want to consider a special case which presents a characteristic 
simplification and we want to carry it out in details. 

Assume that the (n+ m , +----+-ms)-term group: 


0) _ of ()_  g®) of 
(12) Th =a Ty = De Svs 0%9) 5 


v=1 


(i=1---n; K=1 +85 ip =1---mg) 


which we imagined as given in Theorem 110, p. contains amongst its first-order 
infinitesimal transformations: 


e| Ti hetekes, TH 


specially one of the form: 


and let, say, TH have this form. We will show that under this assumption, it is 
always possible to determine all transitive (n +m, +---+ m,)-term groups of the 
space whose transformations, in the neighbourhood of the point: x; = 0, ..., x, =0 
in general position, have the form: 


(0) Of (k) n ‘ af 
= — ae T = : 
(12’) =o,° % = L Bolan) got 
(i=1---n; kK=1---53 ip =1-- mg) 
For: 


we write U, a notation which we shall also employ on later occasions. 
At first, itis clear that between U and the infinitesimal transformations of order s 
of a group of the form (12’), the following relations hold: 


(7, U] ad (1 —s) qT!) (7=1---ms). 
In the same way, between U and the infinitesimal transformations of order (s— 1), 


there are relations of the form: 


Ms 


+E ket Gatomen 


m=1 


bee U] = (2 = s) a 


where the K are unknown constants. In order to simplify these relations, we set (cf. 


p.[609): 
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Ms 


os 7 !) + y Pala (5) (j=1--ms_1), 
nm=1 
and we find 
(se) uv] =2-s)so 4+ ‘, (Kin +(1-s—2+5)P jn) To 
j ’ J al Ju JN} "jm? 


hence when we choose the P in an appropriate way: 
a, U] = (2-8) oo) (j=1--my_1)- 


As a result, the infinitesimal transformations of order (s — 1) of the group (12’) are 
normalized. 

In exactly the same way, we can normalize the infinitesimal transformations of 
order (s — 2) by setting: 


spans F rests Bo 
(G=1--ms_2), 


and dispose appropriately of the P’ and of the P”; in this way, it comes: 


bee U] =(3-s) oe (j=1--ms_2). 


By proceeding alike, we obtain finally, when we generally write T for &: 
(13) i, U] = (1—k) Te (k=0, 1--+53 ip =1---mg3 mo=n). 


As a result, the infinitesimal transformations of zeroth, first, up to s-th order are 
all normalized, except for U itself. 

At present, we remember that because of the composition of the group (12’), 
between the 7, there are relations of the form: 


Mk+u-1 


(k) H) (k+p—1) 
kp TH] =) Cig jum Tn 
m=1 
(14) ys lem, 
+ 2 y Creat? 
tT=k+pu Mr 


(k, U=0, 1-85 ip =1 mgs jp =l---my 3; mo=n), 


in which the c actually vanish as soon as k+ 4 —1 >. In order to determine the 
unknown constants C, we form the Jacobi identity: 


(k) (HL) (u) (k) (ky (H) 
[I7; T)), U) + [[G0", U1, T, |+[[U T; lt] =, 


Ik Ju 1“ Tk 
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which, because of (13), obviously takes the form: 


[ee Ty, U] =(2-k—-p) [T, Th) Ty, 


ik > Ju in?” Ju 


Here, if we insert the expression (14) and if we use once more the equations (13), it 
comes: 


Mk+p-1 Ss 1---m, 


os 1) 
Y aja Q—k-w) TE + YY Cyiyne (1-2) Tae 
m=1 T=k+U Mr 
k 
= (2—k—yp) [r; 2 c), 


or, because the T are independent infinitesimal transformations: 
Cix jy me (T+1—k—-p) =0 (k+U<T<s). 


From this, it results that all the C vanish. 

Thus, under the assumption made, all groups of the form (12’) have the same 
composition as the group (12), hence according to Theorem 110, p. they all are 
similar to each other and similar to the group (12). 

In consequence of that, we can say: 


Theorem 111. /f a transitive (n+ m,+---+-ms)-term group in the variables 
X1,---,Xn contains, in the neighbourhood of the point in general position: x, = 0, 

.., Xn = 0, aside from the n independent infinitesimal transformations of zeroth 
order in the x: 


Of 
ij (i=1--n), 
yet my, for k = 1,2,...,8, independent infinitesimal transformations of order k out 


of which no transformation of order k +1 or higher can be linearly deduced, and if 
it specially contains a first order infinitesimal transformation of the form: 


is 7] 
y Xy oh + anaes 
v=1 ad 
then thanks to the introduction of new variables x',,...,Xj, it can be brought to the 
form: 
of () 7H eH of 
a a T;, =T;. — L Sigv My %n) Bor 
l v= 


(G=1--n3 K=1--83 ip=1 mg) 5 


here, the E(*) are the entire homogeneous functions of order k which determine the 
terms of order k in the infinitesimal transformations of order k: 


n 0 
pe y a eee Xn) =— fy : (kK=1-+55 ig=1---mg) 


= Bat 
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of the group. 


Chapter 29 


Characteristic Properties of the Groups 
Which are Equivalent to Certain Projective Groups 


In the preceding chapter, we gave a classification of all transtitive groups: 
X,f,...,X,f of the n-fold extended space x1,...,X,. We chose a point coe meg Tn 
general position and considered all infinitesimal transformations of the group which 
leave this point at rest, hence all transformations whose power series expansion 
with respect to the x; —x? have the form: 


n 
ive=1 


where the left out terms are of second or of higher ordet!], Then the linear homoge- 
neous group: 


n Of 
0 0) 
Lif = > Ojiv(X15-- Xa) MT GH 1,252), 
i,v=1 ty 
showed in which way the oo”! line-elements xj :x4,:--+:x), through the point 
re are transformed by those transformations of the group: X1/f,...,X7-f, 


which leave this point invariant. 

In the present chapter, to begin with, we solve the problem of determining all 
transitive groups: X,f,...,X;,f of the space x1,...,x, for which the linear homoge- 
neous group: L; f,Lof,... assigned to a point in general position coincides either 
with the general linear homogeneous group or with the special linear homogeneous 
eroup|'l Then it comes out the curious result that every such group: X1f,...,X;f is 


' Such terms are systematically written “+ ---” by Engel and Lie. 


+ It is easy to see that a group of R, which assigns the general or the special linear homogeneous group to a point 


ae ...,x2 in general position, is always transitive. Indeed, in the neighborhood of ae ...,x9, the group certainly com- 


prises an infinitesimal transformation of zeroth order in the x; — a, hence a transformation: ¥° Q p; +-:-, in which not 
all a; are equally null. In addition, the group surely comprises n(n — 1) first order transformations of the form: 


(x; —x?) peter (i,k=1+-n;i#k). 


If one makes Combination [bracketting] of the latter with Y a pj +---, then one recognizes that n transformations of 
the form: pj +--+, ..., Pn +++: do appear, whence the group is actually transitive. 


619 
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equivalent either to the general projective group, or to the general linear group, or 
to the special linear group of the space x1,...,Xp. 

In addition, we yet show in the last paragraph of the chapter that in the space 
X1,..-,Xn there is no finite continuous group which can transfer m > n+ 2 arbitrarily 
chosen points in general position to just the same kind of m points; at the same time, 
we show that the general projective group and the groups that are equivalent to it are 
the only groups of the space x,,...,x, which can transfer n+ 2 arbitrarily chosen 
points in general position to just the same kind of n+ 2 points. 


152. 


Every transitive group of R, comprises, in the neighborhood of the point: ae me 


in general position, m independent infinitesimal transformations of zeroth order in 
the x; — oe 
ee ee ee 

where, according to the fixation of notation on p. 555, p; is written in place of oe 

Now, if G assigns to the point x?,...,x? the general linear homogeneous group as 
group: Li f,lof,..., then it comprises in the neighborhood of oe wis ae the largest 
possible number, namely n7, of such infinitesimal transformations of first order in 
i= cate ...;Xn — x9, out of which no transformation of second or of higher order 
can be deduced by linear combination. These n” first order transformations have the 
form: 

(x; —x9) pete (i,k=1--n). 

If, on the other hand, G assigns to the point Voce the special linear homo- 
geneous group, then it comprises, in the neighborhood of the point, only n? — 1 
independent first order infinitesimal transformations out of which no transforma- 


tion of second or of higher order can be deduced by linear combination; the same 
transformations have the form: 


(xj x?) pets, (i — 2?) pi— (Xe — 22) Pe 
(i,k=1---n;izk). 


Therefore, when we yet choose the point a bad a as the origin of coordinates, 
we can enunciate as follows the problem indicated in the introduction of the chapter: 
In the variables x,,...,Xy, to seek all groups X,f,...,X;f, or shortly G, which, 
in the neighborhood of the point in general position: x; =0,...,X, = 0, comprise 
the following infinitesimal transformations of zeroth and of first order: either the 
n-+- n: 
Pitre) AiPEers= (i,k=1---n); 


or then+n?—1: 


Pitert, XiPete, XiPi-XkePRT 
(i,k=1--n;izk). 
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To begin with, the two cases can be treated simultaneously; one must only, as long 
as possible, disregard the fact that in the first case, aside from the transformations 
which occur in the second case, yet one transformation appears: Y! x; pj. 

The group Xf,...,X,f comprises infinitesimal transformations whose expansion 
in power series begins with terms of second, or of relatively higher order in the x, 
shortly, infinitesimal transformations of second or higher order, respectively. We 
search for the highest order numbef| s of the existing transformations and we even 
look for the determination of such transformations. 

We can suppose this number s to be bigger than 1, since we already know all the 
first order infinitesimal transformations that appear. Let 


K=0,pit---+0npat::: 


be a s-th order infinitesimal transformation of the group; at the same time, the 0’s 
are supposed to denote completely homogeneous functions of order s in x),...,Xn, 
while the left out terms are of higher order. Obviously, 0,..., 0, do not vanish all, 
because there should not be given any infinitesimal transformation )° c,.X;f whose 
power series expansion starts with terms of (s+ 1)-th or of higher order; so we can 
assume in any case that 0; is not identically null. 

Let the lowest power of x; which appears in 0 be the @-th and let 


i ee oe (Q)+-++Q,=5) 

be a term of 0; with nonvanishing coefficient. Now, we make Combination of the 
transformation x; p2 +--- with K, and we make Combination of the result once 
more with x; p2 +---, and so on — in total Q times. We make Combination of 
the s-th order infinitesimal transformation obtained this way with x; p3+---, and 
we then proceed 3 times one after the other, etc., and finally, we still apply a, 
times x; Pp, +--- one after the other. In this way, we recognize in the end that a 
transformation of the form: 


K' =x) pp t+ pote + OO pate: 


belongs to our group. 

All remaining terms of 0; are cancelled; indeed, the same terms contain either 
also the power te or a higher one, and in both cases, the power of a variable x; 
(i > 1) is certainly not the a-th, but a lowest one; consequently, the corresponding 
term vanishes by making qj; times Combination with x; pj+---. As always, the 


2 Actually, s will be shown to be equal to 2, not more, and the corresponding transformations of second order to be 
necessarily of the form x;(x; py +++ +4 Pn) +:++,i=1,...,n. 
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terms of (s+ 1)-th and of higher order are, also here, left out of consideration] (cf. 
Chap. [11] Theorem 30, p.[203). 

In order to determine more precisely the form of the transformation K’, we make 
use of an auxiliary proposition which can be exploited several times with benefit. 


Proposition 1. /f the infinitesimal transformations Cf and B, f +-:-+Bmf belong 
to a group and if furthermore, there are m relations of the form |C, By| = &Bxf, 
where the constants €;, are all distinct one another, then the group comprises all the 
m infinitesimal transformations B,f,...,Bmf. 


The proof of this auxiliary proposition is very simple. Aside from B, f +---+ 
B,,f, the group yet obviously comprises the following infinitesimal transformations: 


[C, Bi +-+-+ Bm] =e: Bif +--+ &nBnf 
[C, €) Bi +--+ +€mBm] = ep By f t+ +8, Buf 


[C, ef 7 Byte +e 7 By] = eM Bi ft. tem! Baf. 


But since the determinant: 


1 1 

E] E 

: =[][(&-«&) 

oa i>k 
eee 


does not vanish by assumption, each individual transformation B; f can be deduced, 
by multiplication with appropriate constants and by subsequent addition, from the 
just found transformations. Thus the proposition is proved. 


In order to apply the same proposition, we now make Combination of the trans- 
formation K’, written in detail: 


x} pi + {LAg xy! xP} py t+ {EO Nyy NOL Dy pee 
(Bi +o + Ba = = V1 +++ Vn =S) 


with the transformation: 
x1 Pi —XiPit--:, 


on the understanding that 7 is any of the numbers 2,...,n. Then one obtains: 


3 Here is an equivalent reformulation. Adapting slightly notation, let 8; = Liaj=s 4ax% and choose B € N” with 
|B| =s so that 8B; = inf{a : Aq #0}. For any other monomial Ag x® with Ag 4 0 we have either a > B; or a = Bi. 


In the first case, since 0) +O) +---+0;+---+Q, = BP, +fo+---+B;+---+, =s, there must exist aiwith2 <i<n 
such that a < B;. In the second case, namely if of = B), then Q +---+0;+---+Q), = Bo +---+B8;+---+B,, and 
again, there must exist a i with 2 <i <n such that a; < B;, because otherwise, O > Bo, ..., A, > By together with 


|o¢| = |B| implies a = fo, ..., On = By, hence & = B, a contradiction. 
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(s—1)x} pi + {LAg (Bi — Bi + £21) x} Bliss xB) py foe p 
+ {YM ( (Vi — Vit Eni) x1! . xh Dy + cae 


where &; has the value 1, while all €,; (i 4 k) vanish. Therefore the s-th order terms 
of the infinitesimal transformation K’ have the form B,f+---+B,,f discussed 
above, where the B,f are reproduced through Combination with x; p; — x; pi, but 
with distinct factors“ 


4 Here are considerations about derived homogeneous groups. The next phrase of the text applies a fundamental 
observation of Chap. 28 that we must reconstitute just as a preparation. Let G be a finite continuous (locally) transitive 


homogeneous group acting on the (x;,...,Xn)-space and suppose that the origin 0 is the central point, of course in 
general position whenever needed. Then G comprises n transformations of zeroth order: 
(0) Of 
T; = Ohi + (i=1---n) 


out of which no transformation of first or of higher order can be deduced by linear combination. Further, G contains a 
certain number, say m (possibly null), of infinitesimal transformations of first order: 


n 


re) 
=) ib OjivXi + bf (j=1--m) 


v=1 


that are linearly independent modulo transformations of order > 2. Generally, for k = 1,2,... up to a finite maximal 
order so, the group G comprises a certain number m, (possibly null, and indeed null for k > so we 1 by definition of so) 
of infinitesimal transformations of k-th order: 


~ te) 
1? a {ePojt--} a (j=1-+--mg) 


that are linearly independent modulo transformations of order > m,; + 1, where each ae ue: x) is a homogeneous poly- 
nomial of degree m, in x;,...,X,, and where the left out terms are of order > m,+ 1. 
By bracketing (cf. Chap.[11] Theorem 30, p.[203), we get: 


% fap eee seen a 
@) iri re = fel) See — gl ae yb Oe, 


J LE Oxy Oxy Oxy 


where the written terms are of order kj +k — | (they might be null) and where the left out terms are of order > ky +k. 


The linear combination of infinitesimal transformations to which the bracket kes ) ; Te] should be equal can only 
contain transformations of order > k; + ko — 1, hence may be written: 7 


k ko by (ki thy — 
(b) | = » Cha 7 — Dope, 


where the left out terms comprise linear combinations of transformations of order > k; + ko. In particular, if k; + ky — 


1 > so +1, the brackets [ee ay ] must vanish. 
For every k= 0,1,...,s9 and every j=1,...,img, we define the projected infinitesimal transformation: 


n fa) 
ay Ey 2f 
v=1 


defined by erasing all remainders, which is homogeneous of order m,. Equivalently, T _ = Th (T' (k ’) if, by 7%, we 
denote the projection of infinitesimal transformations (and of analytic functions) onto the vector space of all homoge- 
neous monomials of degree k. We notice that a reformulation of (a) simply says: 


di dy ose 


Rana tty = [7 (re ), Tig, (re) - (TH), FH), 


Finally, by taking the 7%, -,,—1-projection of both sides of (b), we obtain Lie algebra-type identities: 
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Now, since from the expansion in power series of our group a new group I" can be 
derived in such a way that in each power series expansion, only the terms of lowest 
order are kept (Chap. 28, p. 607), then our Proposition 1 shows that each individual 
B,f belongs to the group I’. Next, there evidently is a B, f which embraces the term 
x} p) and hence is reproduced with the factor s— 1. The remaining terms of this By f 
are defined through the equationg>| 


B, — Bj+&; =---=Vi -—Vit ei =s—1. 


Since €3,...,€2, vanish, from the same equations, we obtain immediately B; = 
--» = B, and consequently: 


Bi + Bo+---+Bn = Bi +fo+(n—-2) By =s, 


whence it yet comes: 


Bo = Bi —s +2, p3 = B} —s+1. 


By elimination of B and fz, it follows: 


Oe i ld 
_s (pky a-ky +k2—1 
=x si-a( y Cir int Fi +) 
1 
kyko ky +ko—-1 
= y Cire Te 2 


which show that to the arbitrary initial group G is always associated a group G constituted by infinitesimal transfor- 
mations Tt yh OL Moa Sos J paces mx, having polynomial, homogeneous coefficients. 


j yr 
5 Here is an enlightement. The derived homogeneous group G =I contains the infinitesimal transformations D; = 


x1 pi —xi pi, for i= 1,...,n, and also: 
K' =x, pi + {LAg xP} pr +--+ {LNyx"} pn, 


all the remainders being suppressed (one must have a group for Proposition | to apply). At first, for fixed i, one looks at 
the Lie bracket, joint with D;, of each monomial homogeneous infinitesimal transformation {Byx"} Prk > 2, |y|=s, 


which appears in K’ and which is distinct from x} Pi: 
[Di, {Byx”} pe] = (1 — 4+ €ui) {Byx"} pe. 


One then collects all the monomials {Byx'} px of K' having the same reproducing factor y, — ¥; + &; =s—1 as the 


infinitesimal transformation xj p;, and one calls Bi the corresponding sum (it depends on 7), which is a part of K’. 
On the other hand, there are finitely many other values of the integers y — y; + €&;, say m(i), and one decomposes 


accordingly R= Bi Be ees + Bini): Then Proposition 1 yields that B!, belongs to G. Other BK are left out. 

Let i’ 4 i be another integer and consider bracketing with Dj. The same reasoning applied to Bi (instead of K’) 
yields a decomposition Bi a Bi + Bi, tee + Bein with the first term BR collecting monomials of Bi that are 
reproduced with the factor s — 1; clearly, x} p; still belongs to Bi. Proposition 1, yields again that BY belongs to G. 


B,f in the translated text — such that [Di, Be =(s— er for all i=1,2,...,n. 
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(B1-s+1)n=0 
hence B, =s—1, po=1, B3 =---= B, =0. 


In the same way, the v; determine themselves, and so on. In brief, we realize that 
our group: X,f,...,X;f comprises an infinitesimal transformation of the form: 


kK" = x} PI +Ayxi' x2 po  aee +Anxt | Xn Dn ae 
By making Combination of K” with p; + ---, we get: 
sxi! py +(s— 1) Ao x47? x2 pot 
+--+ (s—1)Anxt 7 Xp Pat: =L, 


and hence our group comprises an infinitesimal transformation, namely [E, Fa | ; 
which possesses the form: 


sxe? pi +2 pat---+MPnt-- 


But now, since 2s — 2 should not be larger than s and since, on the other hand, s is 
larger than 1, it follows that: 
s=Z, 


so that we have: 
K" = xj py +Anx x2 pp + +++ + AnX1 Xn Pato 
Furthermore, it comes: 
[xi pit-++, K"] = (Ai— Dag pit: 


If now A; were different from 1, then we would obtain, one after the other, both 
transformations: 


DT pits xpi te] = xt py —2xx;pit---, 
[xt Pi — 2x1xi pit--+ xp pit--+] = 4x3 pit: 


But since no infinitesimal transformation of third order should be found, all the A; 
are equal to 1. Therefore K” has the form: 


x] (x1 pi +x2 pr +--+ +XnPn) “pees 
and thereupon lastly, by making Combination with x; p; +---, we find generally: 
xj (x1 pi t-+++XnPn) +o. 


Consequently, if a group X,f,...,X;f of the nature required on p. comprises 
infinitesimal transformations of order higher than the first, then it comprises only 
such transformations that are of order two, and in fact in any case, n of the form: 
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xj (x) pr te+++Xn Pn) +-+ (i=1---n). 


If we add up all the n transformations: 


[pit Dh tee + | = xj pit Lp XkePet- 


together, then we obtain the transformation x; pj +---+XnpPn+-:-. Hence if the 
group X1f,...,X,f contains infinitesimal transformations of second order, then the 
associated linear homogeneous group L; f,L2f,... is the general linear homoge- 
neous group. Or conversely: 

The group X\f,...,X;f never contains infinitesimal transformations of order 
higher than the first, when the associated group Li f,L2f,... is the special linear 
homogeneous group. 


For abbreviation, we write the infinitesimal transformation x; (x1 Pitot 
x, Pn) +--+ in the form H;+---, on the understanding that H; denotes the terms of 
second order. Now, it could be thinkable that in one group X1f,...,X;.f, except the 
n transformations H;+---, there still appeared others of second order. Let such a 
one be for instance: 


Mj Pits: +HmPnt-:-=T4+---, 


where the 7 mean homogeneous functions of second order in x1,...,x, and T the 
sum ), T% px. Then the expression [H;, T] must obviously vanish, since the lowest 
term of this bracket represents an infinitesimal transformation of third order. Con- 
sequently, T),...,T, Satisfy the equation: 


n n 
[Ss Yee “Pi = 0; 
k=l j=l 


this equation decomposes into the following n equations: 


OT 


n : 
j 
Xi X= — 7; | —xj 7 =0 
1 ( k OX, i j Mi 
and from this it follows, aside from the natural equation: 
ne ees 
sy Xk ne = 27; 
k=1 Ok 
yet also x; 7; —x; 7 = 0. Therefore the 7; and T have the form: 


n n 
TF = >, A XEXj, T= y Oy. Hy. 
k=1 k=1 
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Thus we have proved that a group: X,f,...,X)f of the indicated constitution can 
comprise no second order infinitesimal transformation apart from the n transforma- 
tions Hy +---. 

In total, we therefore have the following cases: 

If the linear homogeneous group L, f ,Lof ,... is the general linear homogeneous 
group, then the concerned group X\f,...,X;f comprises exactly n infinitesimal 
transformations of zeroth order: 


and n2 of first order: 
Ty. = Xi Pete: (i,k=1--n). 


Either transformations of higher order do not occur at all, or there are extant the 
following n: 
Si=Xi (x1 Pits +%nPn)+e+ | (i= 1n). 


If the group: Li f,Lof,... is the special linear homogeneous group, then the 
group: X\f,...,X;f comprises exactly n infinitesimal transformations of zeroth 
order: 

P;=pit--: (i=1--n) 


and in addition, n* — | of first order: 
Tip =XiPetee+, Ti Tk =XiPi-— Xe Pet + (GBK=1 en). 


but no one of higher order. 


We will treat these three cases one after the other. At first, we bring the Re- 
lations [brackets] between the infinitesimal transformations, and afterwards, even 
these transformations themselves, to a form which is as simple as possible. On the 
occasion, we remark that among the three cases, the first two are already finished off 
by the developments of the paragraph 151 on p. 616 sq. Nonetheless, we maintain 
that it is advisable to also treat in detail these two cases. 


153. 


The first case, where n transformations of zeroth order and n? of first order do 
appear, is the simplest one. 
We can indicate without effort the Relations between the n? infinitesimal trans- 
formations. They are: 
[Ts Tyz| = €xy Tix — ExiT yk, 


where €, vanishes as soon as i and k are distinct, whereas €;; has the value 1. In 
particular, it is of importance that each expression: 
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n 
Ts y Tov 
v=1 


vanishes. Further, if, for reasons of abbreviation, we introduce the symbol: 


n 
U = »Y Tw, 
v=1 
there exist Relations of the form: 


nN n 
[By U| =P,+ » »; Ova Tyr, 


v=1 m=1 


or, when we introduce as new P; the right-hand side: [P,, U | = P,. 
Lastly, there are Relations of the form: 


[Pi, Tj = Pj +) Y" ByaTva, 


[Pi, P,| =YVrwAt+yey Ova Tyn- 


But the Jacobian identities: 
[[Pi, Tei], U] — [Pi Tej] =9, 
[[PsPels U] =2 [Ps P| =0 


show immediately that all constants B, y, 6 do vanish, whence it is valid that: 
[Ps T| = Geeky, [P| =0. 


As a result, all the Relations between the infinitesimal transformations of our 
group are known. 

The r infinitesimal transformations P; = pj+--- generate a simply transitive 
group which has the same composition] [GLEICHZUSAMMENGESETZ IST] as the group 
P'|,--+;Ph and is hence also equivalent to it (Chap. 19, p. 339, Prop. 7). So we can 


& Namely here: they both have the same, in fact vanishing, Lie brackets. 


7 The so-called Frobenius theorem is needed in the phrase just below. Classically (cf. [I]]), one performs a preliminary 
reduction to a commuting system of vector fields, reducing the proof to the following concrete 


Proposition. [f the r < s independent infinitesimal transformations: 


5 fa) 
Ref =), Gutiy.s3,%) ct (k=1---r) 
i=l Xi 


stand in the Relationships: 
[X;, Xc] =0 (k= 1-7) 


without though being tied up together through a linear relation of the form: 
n 
Yi Xula1,..-,%s) Ref =, 
k=1 


then they generate an r-term group which is equivalent to the group of translations: 
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introduce such new variables x/,...,x/, achieving that: 
P=pj;  (i=l~n). 
The form €; p} +---+ 6p), which U takes in the new variables determines itself 
from the Relations [P;, U] = P;; the same Relations yield: 


n 


U=¥ (x, + OK) Py 
k=l 


and, when x, + Qj; is introduced as new xz, which does not change the form of the 
P;, one achieves U = )° x, px. From the Relations: 


[P, Teg] = Ge P; 
one finds in the same way: 


n 


Tj = Xx Pj + oy OK jv Pvs 


v=1 


but since [Teej U | must vanish, all the Oj, are equally null. Therefore we have the 
group: 
P= Pi, Tik = Xi Pk (i,k=1--n), 


that is to say, all groups which belong to the first case are equivalent to the general 
linear group of the manifold x,,...,Xn. 


154. 


We now come to the second case, where, apart from the n transformations of zeroth 
order P; = pj+--- and the n? of first order Ty, = x; pr +--+, there still appear the n 
transformations of second order: 


Sj = xj (x1 Pi +---+Xn Dn) ay es 
The following Relations are obtained without any effort: 
[S;, Sz] =0, [Tiz, Sj| = ej Si, [U, Sj] = 8; 


Moreover, there are equations of the form: 


[Tix U] = dy ain Sj. 
j=l 


(Namely, in a neighborhood of a generic point, there is a local diffeomorphism x ++ y = y(x) straightening each X; to 


_ a 
Y= a, 
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If at first we suppose that i and k are not all both equal to n, then we can introduce 
Tik +X, Oj; Sj as new Ti, and obtain correspondingly the Relation: [7;, U] = 0 for 
the concerned values of i and k. Since in addition [U, U] = 0 it comes generally: 


[Tk,U] =O k=1 2). 
Further, one has: 
n 
[Te Tva] = &ev Tin — EmiTve + Y By S;s 
j=l 


but the identity: 
[ [Tix Tyx], U] =0 


enables to recognize that all B ; Vanish, so it holds: 
[Tix Tyz| = Exy Tin — ExiTyk. 
From the relation: 
n n 
2,U)= te L ee i by Sy 
v=1 na=1 v=1 


when: 


r+y Y ween +5 ¥ oS 


v=1 7= 


is introduced as new P,, it comes: 
[P,U] =P. 


Furthermore, one has: 


[Pi, Se] = ie U + Tee + y Aphis 
= 
but if we form the identity: 
[2 Se]. U] + [P, ] — [P Sx] =0, 
we then find that the Ay are null; consequently we have: 
[P:, Se] = &eU + Te. 
Finally, there are relations of the form: 
[P;, Tj] = &aP) + YY OveTva + ¥ AvSy, 
[Ps Pk] = Vo eve +E Y ava Tat YW Sv; 
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but also here all constants do vanish because of the identities: 
([P, Tig], U] — [P Tu] =0. 
[P,P], U] -2 [P,P] =0. 
Therefore it comes: 
[P, Teg] = Ee Py, [Ps Py] =O: 


All the relations between the infinitesimal transformations of our group are now 
determined. One will notice that the infinitesimal transformations P,, Tj, generate a 
subgroup which possesses the form considered in the first case and hence takes the 
form: 

Pi= Pi, Tik = Xi Pk (i,k=1--n) 


by an appropriate choice of the variables. In the new variables, the infinitesimal 
transformations S; are, say, equal to )) & pz, where the &;, satisfy the relations: 


[Py, Si] = evi + Ty, [GS:| = Sz 
We find from this: 
OEix “ OSik _ 
as = &vi E 1) ik» 
ae vixk + Eyex dw Diy 2G ik 


therefore jx = xix, and: 
Sj =x; (x1 pi +---+%n Pn). 
Consequently we have the group: 
Pr=piy Te =xiPe, Si=xi(xipit---+%nPn) — (k=1--n); 


that is to say, all groups which belong to the second case are equivalent to the 
general projective group of the manifold x,,...,Xp. 


§ 155. 


It remains the third and last case with n infinitesimal transformations of zeroth 
order: P; = pi+--: and n* —1 of first order: 


Tix =XiPeter+, Ti —Thk =XiPi-—XkPetes> (i, ZkK=1-~n), 


while transformations of higher order do not occur. 

It is convenient to replace the infinitesimal transformations 7}; — Tz by one of 
the form: a Tj} +-::+ QThn, thinking that the Qj; are arbitrary constants, though 
subjected to the condition )’; a; = 0. Then to begin with, the following Relations 
hold: 

Tix, Tyx] = Ey Tix — ExiT yk (iZk, V2m), 
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n 
Ts. > Oy Tyy 


nN 
= (O% — Qj) Tix, Ti —Tix, Y) Gy Tyy| =0. 


v=1 v=l 

Further, there is an equation of the form: 
n n 
ip >: Oy Tyy | = OP, ap” >, Kitj Th (Lear Aink =9)- 

v=l k=1 j=l 

Therefore if we set: 
n n 
P=P+)) Y hajTe (Dhar lee =0), 
i=1 


it comes: 


n 
Pr y Oy Tyy 


v=1 


non 
=aP/+) dL {a ikj — (64; + 0% — a4)) } Ty. 
k=1 j=l 


Now, we imagine that a completely determined system of values is chosen for 
0,,...,Q, which satisfies the condition Y a = 0 and has in addition the property 
that no expression ; + Qj, — 0; vanishes, a demand which can always be satisfied. 
Under these assumptions, we can choose the /;;,; so that the equations: 


Ate (a;+ 0% - Qj) likj =0 


are satisfied, where the condition )°; liz = 0 is automatically fulfilled. Conse- 
quently, we obtain after utilizing again the initial designation: 


n 
fp, sy Oy Tyy 


v=1 


= OP; (Ly =1 % =0). 


If the expression: 


n n n 
fp, > pi =BiP+) Y svat va 
k=l 


v=1 m=1 


(L Be=X &vv =0) 


is inserted into the identity: 


n n 
[P: >, Br Tix|; YY) o% Tex | — 
k=1 k=l 


then it comes: 


afr fan)-o 


pe » (On — Ay — Oj) SvxTva = 0. 


v=1 m=1 
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Because of the nature of the @, it follows from this that all gy are equally null, and 


therefore the equation: 
n 
fp, e ps = B;T; 
k=1 


holds for all systems of values B),...,B, which satisfy the condition Y B, = 0. 
Furthermore, there is a relation of the form: 


n n 
Pi, Te] = €ePj) + VY hvaTvn 
v=1 m=1 
(k2j, Ly Avy =0). 


The identity: 
[Pa lig | by Br Tex | — (B; + Bj — Bk) [Pi Tey] = 0 
therefore takes the form: 
ex (Br BD P+ YY (Be~ By ~ Br+ Ba By) vx Trr =0 


consequently the 4, must vanish, since the By, while disregarding the condition 
Lv By = 0, are completely arbitrary: 


[Pi Tie| = SieP; (k2 J). 
Finally, the relations: 
PB) = > my Py + uy y Myx Tyan (Ly Mvv =0) 
v=1 x=1 


are still to be examined. By calculating the identity: 


[Peel y Br Ter | — (Bi + Bx) [P:, Pe] = 0, 


t=1 


we find: 


n n n 


y (By — Bi — Bx) my Py + y y (Br — By — Bi — Bx) mva Tyx = 0; 
v=1 v=1 m=1 
because of the arbitrariness of the By, all the my and myz must be equally null. 


Consequently, we have: 
[Pi, Pk] = 0 


and we therefore know all Relations between the infinitesimal transformations of 
our group. 
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In the same way as it has been achieved in the first case, we bring P;,...,P, by 
means of an appropriate choice of variables to the form: 


P;=Dpi (i=1--n). 


From this, by proceeding as in the end of the paragraph 153, we conclude that all 
groups which belong to the third case are equivalent to the special linear group of 
the manifold x,,...,Xn- 

By unifying the found results we therefore obtain the 


Theorem 112. /f a transitive group G in n variables is constituted so that all of its 
transformations which leave invariant a point in general position do transform the 
line-elements passing through the point by means of the general or of the special 
linear homogeneous group L, f,Lof,..., then G is equivalent either to the general 
projective group, or to the general linear group, or to the special linear group, inn 
variables 


If we call m-fold transitive an r-term group of the space x1,...,x, when it con- 
tains at least one transformation which transfers any m given points in mutually 
general position to m other arbitrary given points in general position, then we can 
now easily prove firstly, that m is always <n-+2 and secondly, that every group for 
which m = n+ 2 is equivalent to the general projective group of the n-fold extended 
space. 

Indeed, if the infinitesimal transformations: X)f,...,X;f in the variables 
X1,.-.,X, generate an m-fold transitive group, then it stands immediately to reason 
that the linear homogeneous group L; f,lof,... assigned to a point x in general 
position does transform the oo”—! line-elements passing through this point by means 
of an (m— 1)-fold transitive projective group. But now, since the general projective 
group of an (n — 1)-fold extended space is known to be (n+ 1)-transitive, we then 
realize that: 

m—l<n+l1 andhence: m<n+2. 


Therefore, the following holds. 


Theorem 113. A finite continuous group in n variables is at most (n+2)-fold tran- 
sitive. 


If an r-term group: X, f,...,X;f inn variables is exactly (n+ 2)-transitive, then as 
observed earlier on, the group L; f,L2f,... assigned to a point x in general position 
is the general or the special linear homogeneous group in n variables; consequently, 
the group: X; f,...,X;,f is equivalent either to the general projective group, or to the 
general linear group, or to the special linear group in n variables. But now, because 
only the first-mentioned among these three groups is (m+ 2)-transitive, we obtain 
the 


+ Lie, Archiv for Math., Vol. 3, Christiania 1878; cf. also Math. Ann. Vol. XVI, Vol. XXV and Gotting. Nachr. 1874, 
p. 539. 
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Theorem 114. [fan r-term group inn variables is (n+2)-transitive, then it is equiv- 
alent to the general projective group of the n-fold extended space. 


In the second and in the third volume, a series of studies which are analogous to 
those conducted in this chapter shall be, among other things, undertaken. 
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